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Abstract 
A new solid-state reaction to form metal nitrides has been investigated.  It was 
confirmed that single phase CrN is formed by a solid-state diffusion reaction between 
iron nitride (Fe2-4N) and chromus (CrCl2) or chromic (CrCl3) chloride powders at 
temperatures between 570-700°C.  It was also demonstrated that uniform CrN surface 
layers of practical thickness could be formed on nitrocarburised AISI H13 tool steels 
at 570°C by applying the discovered reaction mechanism. 
Solid-state reactions between chromium chloride and iron nitride powders allowed a 
thin (~1-1.5μm) CrN shell to form around an Fe-rich core.  Nitrogen from the iron 
nitride powders diffused towards the surface where a reaction occurred between the 
chromium chlorides and nitrogen to allow chromium to diffuse inward.  A CrN shell 
formed around the prior Fe2-4N powders at the expense and decomposition of the iron 
nitrides (Fe2-4N), leaving the core rich in Fe.  It was also observed that FeCl2 was 
coproduced during the synthesis of the powders, allowing a reaction to be proposed.   
CrN formation by solid-state methods is governed by the following reaction:  
CrCl2-3 + Fe2-4N → Fe(s) + CrN + FeCl2(s)(g). 
Four methods of forming CrN surface layers on AISI H13 tool steels were also 
explored, which involved a precursor ferritic nitrocarburising treatment, followed by 
a solid-state diffusion of chromium via a chromium chlorides species.  The four 
methods involved interaction of a chromium chloride species with a nitrocarburised 
AISI H13 specimen, where the chromium chloride species was either static or moving.  
It was shown that moving powders, either by fluidisation or vibratory agitation, 
produced superior CrN layers to those where the powders are static.   
The fluidised bed method of forming CrN surface layers on nitrocarburised AISI H13 
tool steel involved forming the chromium chloride species (CrCl2) in-situ by 
chlorinating the bed (composed of 10% Cr powder and 90% Al2O3 powder) with 
gaseous hydrochloric acid (HCl).  The chromium powder in the bed was chlorinated 
with HCl, at 1% of the total volumetric flow, for 1 hour prior to the nitrocarburised 
AISI H13 tool steel being lowered into the fluidised bed reactor.   
Treatment of the nitrocarburised AISI H13 tool steel at 570°C for 4 hours produced 
uniform CrN surface layers (~2.8μm).  The CrN surface layers formed using the 
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fluidised bed reactor were uniform and thicker than other techniques investigated due 
to the constant replenishing and refreshing of the CrCl2 species on the surface of the 
nitrocarburised AISI H13 tool steel.  
The newly discovered reaction mechanism to form CrN, near the tempering 
temperature of tool steels, allows the process to be applied to tool steels in various 
metal forming operations.  CrN surface layers are typically associated with high 
hardness and wear resistant properties and applied to AISI H13 tool steels for 
applications such as aluminium extrusion.   
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Chapter 1 
Literature Review 
 
1  Introduction 
The concept of duplex surface engineering emerged in the 1980’s and is defined as the 
combination of two distinct surface engineering processes to produce a surface 
structure with properties unattainable in the two processes in isolation [1].  A common 
example is the combination of physical vapour deposited (PVD) coatings on nitrided 
tool steel substrates.  The PVD process forms a hard ceramic coating while the 
nitriding, a thermochemical process, enriches the substrate immediately below the 
coating with nitrogen forming a hard diffusion zone.  Such a surface architecture 
creates a gradual transition in properties from surface to core, which increases the load 
carrying capacity of the PVD coating [1-6].  Conveniently, both processes are 
performed below the maximum tempering temperature of tool steels (~600°C), thus 
avoiding distortion and softening of the hardened core structure.   A specific example 
relevant to the present study is PVD CrN on a nitrided tool steel substrate [3, 6, 7].  
Here benefit has been found in processes such as die casting of aluminium were the 
CrN layer resists chemical attack by molten aluminium and the diffusion zone provides 
a gradual transition in properties and imparts compressive stresses that help to resist 
thermally induced stress cracking [5, 6, 8, 9].  
A similar duplex surface structure can be formed by thermoreactive deposition and 
diffusion (TRD), either in a salt bath [8] or fluidised bed reactor [10, 11].  The first 
stage of low-temperature TRD treatment of ferrous materials is typically nitriding or 
nitrocarburising [12].  In contrast to the PVD-nitriding duplex process, where great 
care is taken to avoid the formation of a compound layer, in TRD it is favourable to 
have a compound layer as a rich source of nitrogen [1, 11, 13, 14].  The nitrogen-
enriched steel is immersed in either a heated solution of NaCl, borax and chromium 
metal powder (salt bath), or alumina and chromium powder and fluidised by nitrogen 
and hydrogen chloride gas (fluidised bed).  As with PVD, these processes are carried 
out below the tempering temperature of tool steels.  However, unlike various PVD 
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processes, TRD processes are non-line of sight, allowing the treatment of more 
complex shapes [15, 16] .   
Certain aspects of the mechanism to form CrN layers by TRD are known, while others 
require further consideration.    It is well documented that chromium is deposited from 
either the salt bath or fluidised bed onto the nitrogen-rich surface [11, 12, 17-20].  
Driven by a low free energy for CrN formation, nitrogen from the compound layer 
diffuses towards the deposited Cr to form a CrN surface layer [8, 11, 17].  This causes 
the compound layer to decompose to ferrite and the diffusion zone to deepen [11, 21].  
Whilst this is well reported, there is little discussion in the literature on the mechanism 
of chromium deposition/diffusion.   Cao et al. [22] suggests that reactions within the 
salt bath evolve CrCl2 , which then react at the nitrided surface to deposit chromium.  
However, no details of the reactions are discussed.  There is scope to further 
understand this mechanism of CrN formation in these duplex chromising processes.   
In the present work the fluidised bed TRD process is the focus.  Fabijanic [11] assumes 
the fluidised bed TRD process to form CrN layers to be based on gaseous  sub-halide 
chemistry, which is typical for TRD processes applied at around 1000°C [23].  The 
thermodynamic calculations, shown at the end of the literature review (Figure 1.1) 
strongly suggest that the deposition of chromium occurs via a solid reaction, rather 
than by gaseous sub-halide chemistry.  In the literature there is some precedence of 
CrN formation by the thermally activated reaction between solid powders of nitrides 
of the alkali metals (Li, Mg) and solid chlorides of chromium (CrCl2, CrCl3) [24, 25].   
This thesis investigates the reaction mechanism of CrN formation between various 
chromium chlorides and iron nitrides, at temperatures near the tempering temperature 
of tool steels typically used for aluminium metal forming operations.   A 
comprehensive understanding of the reaction mechanism will allow further 
developments of the duplex process using fluidised bed reactor technology. 
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1.1  Surface engineering 
The surface is one of the most important parts of any engineering component [1, 26, 
27].  In a vast majority of cases it is surface-initiated failure which subsequently causes 
a component to fail [26, 27].  ‘Surface engineering’ can be described as those 
technologies and processes which modify the properties of a component’s surface to 
improve its performance with respect to wear, corrosion, fatigue, resistance and bio 
compatibility [28].   
Surface engineering of materials is not only beneficial towards improving the life and 
performance of components; it plays a critical role within environmental design, 
aiming towards developing more environmentally friendly products [27].   There are 
many instances when material selection for a component is chosen based on the 
material’s bulk properties to achieve a desired characteristic at the component’s 
surface.  However, by understanding the desired surface properties required for a 
component, it is often possible to select a less expensive bulk material for the 
component and modify the surface properties by one of the many surface engineering 
technologies available.  By selecting less expensive bulk materials for a component 
and modifying the surface to achieve the desired tribological properties, it is not only 
possible to extend the life of a component and reduce cost, it is possible to conserve 
and minimise waste material, improve manufacturing efficiency, reduce down-time, 
increase tolerances, and improve power/fuel efficiency [1, 26, 27, 29].  With ever 
increasing environmental demands on power and fuel efficiency in today’s world, 
along with higher productivity, surface engineering is playing a major role in the 
design of components to meet the tighter regulations being enforced [30].   
In recent times duplex surface engineering, also known as second generation surface 
engineering, has gained much recognition in technological applications.  Duplex 
surface engineering overcomes some of the shortcomings of the first generation 
surface engineering technologies.  Since the 1980’s hard coatings such as TiN, CrN, 
and TiC were readily deposited onto components in applications which required 
improved tribological properties [31].  However, although such coatings can improve 
a surface’s hardness and frictional properties, they are susceptible to premature failure 
due to the adhesion properties of the coating-substrate system [1, 11, 26, 32-34].  A 
typical situation where a hard coating on a substrate can fail occurs when the substrate 
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hardness is low, in comparison to the coating, resulting is a low load bearing capacity, 
thus increasing the tendency of cracking and subsequent chipping of the hard coating 
[1, 26, 34, 35].   
Bell [1] defined duplex surface engineering as the application of two (or more) 
established surface technologies to produce a surface composite with combined 
properties which are unobtainable through any of the individual surface technologies.  
As an example, duplex surface treatments are commonly applied on moulds for 
pressure casting of aluminium, where the transition metal nitrides provide the excellent 
wear characteristics, and the pre-nitrided substrate provides the adhesion and load 
bearing properties of the coating-substrate system [19, 26, 31-34, 36].  The improved 
adhesion and load bearing capacity of duplex surface treatments is notably associated 
with a hardness gradient between the surface-substrate system [11, 37].   
1.1.1 Surface engineering technologies 
In conjunction with the ever increasing number of products and services being 
produced and sold in the world today, there is subsequently increasing demand to 
produce products faster, cheaper and ‘greener’ than ever before, pushing many 
technologies to their limits.  Surface engineering is one of many disciplines which can 
contribute significantly towards improving productivity, cost and reducing energy and 
raw material consumption.   
Surface engineering techniques have been applied since ancient times, dating as far 
back as 7000 BC, where the surface roughness of stone tools was improved [38].  
However, it was the surface and heat treatment of steels which lead to the first surface 
engineering technology to emerge dating back to 2000-1500 BC.  The surface and heat 
treatments involved both non-diffusion (hardening), and diffusion (nitriding and 
carburising) techniques which were applied towards improving the hardness of 
weaponry [26, 38].  Although it wasn’t until about 1924 that nitriding was utilised on 
an industrial scale, evidence of carbonitriding dates back to approximately 140 BC 
where the Chinese used soy beans, rich in carbon and nitrogen, to increase surface 
hardness [38].  Surface engineering technologies in the 20th century began to rapidly 
emerge; from metal plating and shot-peening to more advanced technologies, such as 
- physical and chemical vapour deposition (PVD and CVD), plasma treatments, and 
ion implantation [28, 38].   
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Surface engineering, now in the 21st century, has become an established discipline and 
plays a major role in the design and development of nearly all industrial sectors [1, 
26].  Surface engineering techniques can be applied to a wide range of materials, each 
depending on the bulk material (metal, ceramic, composite etc.), the application (wear, 
corrosion, electrical) and the desired surface properties (hardness, conductivity, 
corrosion resistance etc.).   The thickness of available surface technologies can vary 
by five orders of magnitude and three orders of magnitude in hardness [39]. While 
there are numerous surface engineering processes available they can all be classified 
into one of three generic groups: surface finishing, surface treatments and surface 
coatings [39]. 
Mechanical surface treatments such as machining, lapping, grinding, and buffing are 
typical surface finishing processes. Surface finishing involves those processes which 
aim to alter the final surface roughness of a product or component, either to improve 
its tribological properties or simply for aesthetic purposes.  In most cases surface 
finishing techniques are applied to a product or component prior to some sort of surface 
treatment or coating.  Peening, also a form of mechanical treatment, can significantly 
increase a substrates surface hardness by inducing residual stresses at the surface [40].   
Surface treatments also include thermal and thermo-chemical treatments.  Although 
heat treating steels, and various non-ferrous metals, are a form of thermal treatment, 
they alter the entire bulk microstructure of the material, while surface thermal 
treatments alter only a thin region of the material microstructure.  Thermal treatments, 
such as flame hardening, induction hardening, and electron beam hardening, are 
typically applied to medium carbon steels (0.3-0.6 wt % carbon) to produce a hard 
martensitic case, of about 1-10 microns in thickness [39].  Thermo-chemical 
treatments are similar in principal to thermal treatments in that they alter only a thin 
region of a materials microstructure; however this is achieved by the diffusion of 
metallic or non-metallic elements into the material surface [41].    
Surface coatings differ to thermal, thermo-chemical and mechanical treatments as no 
modification of the original microstructure of the material occur [42].  Rather, a 
surface coating as a thin layer of some substance is added to the surface to improve 
the substrates surface properties, such as for wear resistance, corrosion resistance, or 
simply decorative purposes [29, 42].  Coatings can be applied as liquids, gases or 
solids.  Chemical vapour deposition (CVD) and physical vapour deposition (PVD) are 
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two commonly applied hard coating techniques to enhance the service life of tools and 
moulds [22, 43-45].   These methods of coating steels produce hard and wear resistant 
surface layers composed of alloy carbides, nitrides or carbonitrides with a carbide or 
nitride forming element such as chromium, vanadium, titanium, tungsten etc. [1, 19, 
32, 45].   
With both, CVD and PVD, the coating metal is directly deposited onto the substrates 
surface.  In comparison to CVD and PVD, Thermo-Reactive Deposition and Diffusion 
(TRD) is a surface engineering process where carbon or nitrogen in the steel substrate 
diffuses into a deposited layer with a carbide or nitride-forming element such as Cr, 
V, or Ti [46] .  The carbide or nitride-forming elements in the deposited layer react 
with the diffused carbon or nitrogen from the substrate to form a dense and 
metallurgically bonded carbide or nitride coating at the substrate surface [45, 46].   
The work in this thesis focuses on understanding the reaction mechanism in forming 
CrN surface layers on a tool steel by a low-temperature Thermo-Reactive Deposition 
and Diffusion (TRD) technique.  The TRD process is part of a duplex process which 
involves a precursor nitrocarburising surface treatment followed by a low-temperature 
chromising TRD treatment.  This work aims to characterise the CrN reaction 
mechanism of this duplex surface treatment in forming CrN surface layers, and apply 
the knowledge towards creating a technique to form uniform CrN surface layers for 
metal forming applications.    
The components of the duplex surface treatment, nitrocarburising and TRD, are 
discussed in further detail in the following sections, Sections 1.3 and 1.4 respectively.  
A significant amount of the surface treatments conducted in this work are performed 
using Fluidised Bed Reactor (FBR) technology, which is further detailed in the 
subsequent section (Section 1.2).  
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1.2 Fluidised bed technology 
Almost thirty years ago, the late Ray Reynoldson (founder of HARD Technologies 
and Quality Heat) had just begun to promote fluidised-bed technology for the heat 
treatment of metals in the UK.  In a summary report by Alan J. Hick for the Heat 
Treatment of Metals conference held in 1998 “Heat treatment of metals in the 21st 
century”, Reynoldson predicted future developments of fluidised-bed technology to 
exploit their use as an alternative to the salt bath TD process, for depositing ultra-hard 
coatings, and to take advantage of innovations with continuous fluidised-bed furnaces 
[47].  Reynoldson a pioneer of fluidised-bed technology for the metals industry, had 
in recent times, not only developed processes using fluidised-beds, which are an 
alternative to salt bath TD, but processes which offer superior performance at 
substantially lower cost than other high end processes such as PVD and CVD [47-49].   
Reynoldson described the introduction of fluidised-bed furnaces in the 70s as being 
driven by the oil crisis and its associated increase in energy costs and by heat treaters 
seeking cost-effective alternatives to the safety /environmental issues associated with 
the salt bath process [47, 50].  The first commercial use of fluidised-beds for heat 
treatment applications was in Europe and Japan [51].  In Japan fluidised-bed furnaces 
were also incorporated in both mass-production and flexible manufacturing systems 
[51].  Heat treaters attested to the benefits of fluidised-beds over competing 
technologies in terms of flexibility, cost, reproducibility, ease of operation and low 
environmental pollution [51]. 
A fluidised-bed furnace comprises a heat resistant retort in which a medium of 
refractory particles, such as alumina, is heated whilst being fluidised by a gas flowing 
through a porous distributor plate located at the bottom of the retort [50, 52].  The 
phenomenon of fluidisation can be described as the process where a granular material 
is converted from a static-state to a dynamic-state which is characteristic of a fluid in 
nature [50, 52, 53].  
The fluidisation occurs in a bed of particles when a gas, with velocity (μ), has an 
upward flow through the voids of the particles and causes a pressure drop (Δp) slightly 
higher than the weight of the bed (Δpmax) [50, 54].  At this point the bed is not in a 
fluidised state; however, a slight increase in the fluid flow rate will suddenly “unlock” 
or lift the particles such that they are microscopically separated from each other, 
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resulting in minimum fluidisation (μmf) and an increase in the bed height [50, 53, 54].  
At the point of minimum fluidisation, the fraction of voids in the bed (ε) increases 
from (εm) to (εmf), resulting in a decrease in the pressure drop (Δp) to the static pressure 
of the bed [48].  At minimum fluidisation the bed is a homogenous and dense gas-solid 
phase that is well aerated and can easily deform without considerable resistance [54].  
Increasing the gas flow beyond minimum fluidisation will result in a heterogeneous 
bed, where gas bubbles are seen to rise along with a further increase in the bed height 
[54].  However, despite increasing the gas flow the pressure drop remains virtually 
unchanged [50, 54].  The constancy in pressure drop in this hydrodynamic state can be 
compared to that of a liquid in a tank.  If gas is introduced into the bottom of a tank 
containing a liquid with low viscosity, the pressure required to inject the gas into the 
liquid is approximately equal to the static pressure of the liquid and is independent of 
the gas flow rate [50].   
Different types of fluidisation behaviour can be achieved when the gas flow rate is 
increased above the minimum fluidisation (μmf).  The optimum flow rate, which offers 
maximum heat and mass transfer, is aggregative or bubbling fluidisation and is 
typically 2-3 times the minimum fluidisation [54].  Aggregative fluidisation offers the 
optimal properties for heat and surface treating, where temperature uniformity and 
turbulent mixing of the gases and particles are critical [54].  The temperature 
uniformity in a fluidised bed can be maintained within ± 5°C as a result of the vigorous 
mixing to which the bed media is subjected [51].  Also, the heat transfer capability is 
approximately 10 times that of furnace systems with gas convection and only slightly 
below that of a salt bath [51].  The quality of fluidisation is achieved by the type of 
distributor used to introduce the input gas into the bed.  The best quality fluidisation is 
achieved with a porous sintered diffusion plate which allows the input gas to be evenly 
distributed in the bed [50, 54].   
Fluidised beds are capable of carrying out all of the common surface heat treatments 
and thermo chemical treatments – nitriding, carburising, nitrocarburising and more 
recently thermo-reactive deposition/diffusion processes, such as CVD and low-
temperature chromising [11, 55-58].  The versatility and low operating costs of 
fluidised beds make them a promising technology in the 21st century, especially in 
times where we are seeing more emphasis being applied to reducing carbon emissions 
in the environment.    
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1.3 Nitriding and Nitrocarburising 
Nitrocarburising is a well-established thermo-chemical surface engineering 
technology which has many applications in the areas of wear, corrosion and improved 
fatigue strength [10, 48, 59, 60].  Nitrocarburising involves the simultaneous diffusion 
of carbon and nitrogen to the surface of ferrous components with the aim of improving 
the anti-scuffing properties of the compound layer compared to that produced by 
nitriding [10, 48].  The microstructure of nitrocarburised components is characterised 
by a thin compound layer and a supporting diffusion zone underneath [61].  The 
compound layer provides the wear, corrosion and anti-scuffing properties whilst the 
diffusion zone enhances the load bearing capacity and fatigue strength of a 
nitrocarburised component [62].   
The various nitrocarburising technologies available can be classified as either ferritic 
or austenitic treatments [48, 59-63].  Ferritic nitrocarburising (FNC) is carried out at 
temperatures in the ferrite region, below where austenite begins to form [59, 64].  
Ferritic nitrocarburising is typically applied to components at a temperature of 570° C, 
although, the process can be applied anywhere between 450 and 580°C [48].   The 
ability to nitrocarburise various steels near their tempering temperature means work 
piece distortion is minimised as compared to higher temperature treatments which 
often require re-grinding or total scrapping of a part due to tolerances not being met 
[48, 62].   
Ferritic nitrocarburising produces a relatively thin compound layer (15-20μm) which 
is typically composed of ε – iron carbonitride, although depending on the process 
parameters, it is possible to have a mixed composition of ε and γ′ - iron nitride.  
Tribological tests have found the ε-phase compound layer has enhanced adhesive wear 
properties in sliding motion over γ’ or a combination of ε/γ’ [63, 65].   Whilst the 
diffusion zone of ferritic nitrocarburising improves on the load bearing properties of a 
steel component, austenitic nitrocarburising is applied in cases where greater load 
bearing capacity is required [61, 62].  However, austenitic nitrocarburising is applied 
at temperatures above 590°C (typically between 590°C -720°C).  The austenitic 
treatment as a result of the higher temperature and increased nitrogen diffusivity can 
produce a thicker compound layer which is supported by an iron-carbon-nitrogen 
austenitic layer and a nitrogen diffusion zone underneath [61, 62].  The intermediate 
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austenitic layer can be transformed to a high hardness martensite and/or banite by a 
subsequent quench after nitrocarburising, which supports the compound layer and thus 
further improves the load bearing capacity of the component [61, 62]. 
Ferritic and austenitic nitrocarburising both have their advantages in engineering and 
metal forming applications; however the choice of applying either treatment greatly 
depends on the steel properties and the application which the surface is designed to 
operate under, such as wear, corrosion, temperature etc.  As the aim of this research is 
to determine the mechanism of CrN at low-temperatures, below the tempering 
temperature of tool steels, and to optimise its use for tools steels in applications such 
as extrusion and die casting, ferritic nitrocarburising will be the central focus as the 
pre-treatment to the subsequent low-temperature chromising TRD process [11].     
The nitriding process was first developed in the early 1900s by Machlet and Fry and 
today is considered a mature technology [10, 66].  In the mid-1930s nitriding in a 
cyanide salt bath was developed as an alternative to gaseous nitriding to improve on 
the uniformity and tribological properties of steel surfaces [10, 63, 66].  The salt or 
liquid nitriding process is carried out at temperatures between 570-580°C.  In salt bath 
nitriding the cyanide salts diffuse both nitrogen and carbon into the steel surface 
making it a nitrocarburising process [66].  The first commercially available 
nitrocarburising process was in the early 1940s, using techniques such as Tufftriding 
and Tenifers [10, 63, 66].  The salt process gained high popularity due to its low 
operating costs, fast heating, uniformity, reduced cycle times and low capital 
investment [66].  Until the late 1960’s salt nitrocarburising was the only commercially 
available technique [46].   
Although nitrocarburising using a salt bath had many benefits the major drawback of 
the process was the cost involved to detoxify the cyanide-containing effluents [10, 63, 
66].  Although presently there are non-toxic salt bath nitrocarburising treatments 
available, it was the environmental hazards of the toxic salts and process control which 
led to the development of gaseous nitrocarburising [10, 63, 66].  Gaseous 
nitrocarburising was first developed in 1961 by Joseph Lucas Industries on mild steel 
using an atmosphere containing ammonia and a hydrocarbon gas at various 
temperatures [66].  By the early 1970s, a range of gaseous nitrocarburising processes 
had evolved, such as Nitemper and Nitro Tec, using seal quench furnaces [10, 63, 66].   
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In gaseous nitrocarburising the atmosphere consists of a nitrogen bearing gas 
(ammonia) and a carbon bearing gas [48, 60, 66].  The carbon bearing gas can be 
supplied by either endothermic (CO, methane, propane), or exothermic carbon gases 
(CO2) [48, 60, 66, 67].  Edenhofer has shown that while “endothermic-processes” are 
advantageous from an application point of view, “CO2 – processes” are preferable in 
terms of economics and gas availability [60].  It was shown that whilst CO2 increases 
the diffusion rate of nitrogen, resulting in thicker compound layers, the layer also had 
less of the ε – phase [60].  On the other hand CO gas produced compound layers with 
a larger ε/γ’ ratio and significantly improved wear resistance under high loading.  
However, 20% volume of CO gas was required compared to 5% volume of CO2 gas 
[60].   
The carbon bearing gas used in the nitrocarburising process serves two purposes.  First, 
the presence of carbon in the form of carbon monoxide interacts with ammonia to 
produce small levels of hydrogen cyanide which has been shown by Slycke and Sproge 
to supply nitrogen and carbon to the steel surface, and thus improve the kinetics of 
compound layer growth [65, 67, 68].  Second, the presence of carbon stabilises the ε 
phase and suppresses the development of the γ’ phase [65, 67, 68].  Also, the ε phase 
has a much greater solubility range than γ’ for both nitrogen and carbon, which results 
in faster white layer growth [68].   
Presently, nitrocarburising can be applied to most ferrous components using solid, 
liquid, gaseous or plasma techniques [59].  The various processing media available for 
nitrocarburising are characterised by different diffusion rates of nitrogen and carbon 
and consequently different composition and thickness of the white layer and depth of 
the diffusion zone [59, 63].  Although the white layer may contain varying amounts of 
ε, γ’, cementite and other alloy nitrides and carbides it wasn’t until the mid-1970s that 
it was discovered that the improved antiscuffing properties were due to the formation 
of the ε – iron-carbonitride phase [10, 48].  Thus, the aim of the various 
nitrocarburising techniques was to use processing parameters so as to produce a 
compound layer of a monophase ε-Fe2-3(N,C) [7, 59, 60, 63, 65].   In 2000 Pereloma, 
Conn and Reynoldson compared various ferritic nitrocarburising technologies (salt, 
plasma, gaseous and fluidised bed) and concluded that the relative properties of the 
white layers produced showed little difference amongst the various techniques [59, 
63].  Fluidised bed nitrocarburising, used in this study, has been shown to offer the 
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same advantages as gaseous nitrocarburising, but with a reduced processing time [59, 
66].  The reactions at the surface of a component during nitrocarburising using a 
fluidised bed reactor are the same as those produced in conventional gas furnace 
techniques [48, 50, 59, 66].  Although fluidised bed reactors (FBR) were used since 
the 1970’s for heat treating metals, it wasn’t until 1982 that nitrocarburising using a 
FBR was commercially available.  Owing to their excellent energy efficiency as 
opposed to conventional furnaces, excellent temperature uniformity, rapid heat 
transfer, and producing no toxic waste, fluidised bed furnaces have seen widespread 
use in the heat treating industry since their inception [51].   
The nitrocarburising conducted in this research does not specifically focus on creating 
a white layer with ideal tribological properties, but rather a layer which has fast layer 
growth kinetics, a layer which acts as a nitrogen rich supply to form chromium 
carbonitride as part of the subsequent chromising process, and a hardened diffusion 
zone to support the CrN surface with a gradual transition in interfacial properties.   
1.4 Thermo-Reactive Deposition and Diffusion (TRD) 
There are three types of hard-coating technologies applied to improve the tool life of 
metal forming tools, namely chemical vapour deposition (CVD), physical vapour 
deposition (PVD) and thermal reactive deposition/diffusion (TRD) [43, 69, 70]. 
The CVD method typically involves high processing temperatures (700-1200°C) to 
obtain a significant deposition of the coating material [69, 70].  However, the high 
processing temperatures can often lead to distortion of the treated part [70].  
Meanwhile, PVD processes are typically performed at lower temperatures (200-
500°C) but require expensive and sophisticated equipment [43, 70].  Although, PVD 
coatings can be applied well below the tempering temperature of tool steels, 
minimising distortion, the process results in a limited amount of diffusion of the 
coating material and forms a weak metallurgical bond to the steel substrate [43, 70].  
The TRD process, in contrast to CVD and PVD, forms hard coatings that are 
metallurgically bonded to the substrate surface [43, 69, 70].   
In the CVD process the deposition of the coating material occurs via chemical reaction 
between the various input gases, containing the coating material, and the heated 
surface of the substrate inside the CVD reactor.  With the PVD process the deposition 
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of the coating material occurs via a physical reaction, involving the bombardment of 
electrically charged metal vapours of the coating material, onto the substrate.  In both 
the CVD and PVD methods the coating material is directly deposited onto the 
substrates surface.  
The TRD process differs from both CVD and PVD in that carbon or nitrogen in the 
steel substrate diffuses into a deposited layer with a carbide or nitride-forming element 
such as Cr, V, Ti, Mo or Nb [8, 13, 43, 46, 58, 69, 71].  The carbide or nitride-forming 
elements in the deposited layer react with the diffused carbon or nitrogen from the 
substrate to form a dense and metallurgically bonded carbide or nitride coating at the 
substrates surface [43, 69].   The mechanism of TRD is based on the small free energy 
of carbide formation at the processing temperature, while growth of the carbide layer 
is maintained by the continuous supply of carbide-forming elements (CFE) from the 
metal being deposited and the carbon atoms within the treated substrate [13, 43, 72]. 
The TRD process requires a substrate to be able to supply a critical amount of carbon 
or nitrogen to react with the carbide or nitride-forming elements in order to form a 
hard alloy carbide/nitride surface layer [43, 50].  For steel substrates deficient in either 
carbon or nitrogen it is possible to apply a precursor treatment such as carburising, 
nitriding or nitrocarburising to the substrate prior to TRD application.   
There are three TRD processes which can form hard alloy carbide or nitride surface 
layers: salt bath, fluidised bed and pack cementation [43, 58, 69].  The distinction 
between the three TRD processes is in the processing media used and the reactions 
that supply the depositing carbide or nitride-forming element to the substrates surface.    
1.4.1 Salt-Bath TRD 
The TRD process, also known as Toyota Diffusion (TD), was first developed by Arai 
during the mid-1970’s at the Toyota Central Research and Development Laboratories 
using a molten borax salt bath at temperatures between 800-1250°C [46, 73].     
The traditional high-temperature salt bath process is performed in a bath containing 
molten borax salt (Na2B4O7) in addition to powders dissolved in the bath containing a 
carbide-forming element (CFE).  The carbide-forming element may be in the form of 
pure metal powders, alloy powders (typically as a ferroalloy), or with oxide containing 
CFE powders [46].  The carbide-forming elements at elevated temperatures have a 
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small free energy for carbide formation and readily combine with the carbon in the 
substrate to form carbides [46].  The carbide layer grows at the surface through the 
reaction between the carbide-forming elements and the carbon atoms continuously 
supplied from substrate. 
As the TD method requires carbon diffusion from the substrate to react with the carbide 
forming element, the substrate must contain a certain amount of carbon.  If however, 
the substrate is deficient in carbon it’s feasible to carburise first followed by 
application of salt bath TD.  The reactions between the carbide-forming element and 
carbon atoms in the substrate form a carbide layer on the substrates surface due to the 
low free energy of carbide formation at the coating temperature [13].  As carbon 
diffusion at low temperatures is very small the TD method to form carbide coatings of 
practical thickness is applied at temperatures above 800°C [13].   
Arai has shown that the depth of carbide layers is independent of the bath composition 
if carbide-forming elements are added in excess to the critical amount, such that the 
limiting factors are; bath temperature, immersion time, type of steel substrate, type of 
carbide coating and  the section thickness of the component treated [46, 73].   
Although the salt bath TD process forms hard and wear resistant carbide coatings for 
a number of metal forming applications, the high immersion temperatures increase the 
likelihood of distortion and subsequently dimensional changes and deformation [46].  
TRD coatings using a salt bath have also been performed in the temperature range of 
500-700°C, where distortion is significantly reduced whilst still forming hard and wear 
resistant coatings.  However, the process performed at these low-temperatures are part 
of a duplex process.   
1.4.1.1  Duplex salt-bath TRD 
In the past the TRD process was most readily applied to steels at high temperatures to 
form carbide coatings such as vanadium carbide, chromium carbide and niobium 
carbide [43, 46].  However, in recent times the TRD process has been applied to tool 
steels at, or below, their tempering temperature (500-700°C).  Arai and co-workers  
developed the duplex surface treatment variant of the TRD process using salt bath 
immersion at low-temperatures [8]. 
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Although the traditional TRD process has many benefits in terms of producing very 
hard and wear resistant surface layers, the high temperature of the process means 
distortion, deformation and dimensional changes are likely to cause issues with the 
final product [46].  As the hard layers produced by TRD are most commonly applied 
to tool steels for metal forming operations distortion and dimensional changes are 
critical [46].  For conventional TRD applied to steels at low-temperatures a rather long 
time is needed to form a significant carbide layer due to the low diffusivity of carbon 
at lower temperatures [22].  Thus, conventional TRD at low-temperatures is effectively 
impractical.   
At lower temperatures, near the tempering temperature of tool steels, the free energy 
for nitride formation is lower than that of carbide formation, and as most carbide-
forming elements also have a small free energy for nitride formation, the TRD process 
can be applied to steels which have had a prior nitrogen diffusion process [11].  
Therefore, it is typically necessary to apply a pre-nitrocarburising or nitriding step to 
steel substrates prior to the TRD process in order for there to be sufficient nitrogen 
available to diffuse towards the nitride-forming element.  As opposed to the 
conventional high temperature TRD process, the low-temperature variant is only 
practical when a precursor treatment is applied to enrich the substrates surface with 
nitrogen [8, 13].  Hence, the low-temperature TRD process is part of a duplex surface 
treatment. 
Arai has demonstrated the ability to form CrN and VC coatings on various tool steels 
at  temperatures between 500-600°C and  550-700°C respectively [8, 13].  Arai [8, 13] 
noticed that alloy nitrides typically formed on nitrided alloyed steels and investigated 
the possibility of forming carbonitride coatings using the salt bath immersion method.  
Arai [8, 13] indeed found that it was possible to form carbonitride coatings, such as 
CrN and VC using, not only the salt bath method, but with fluidised bed TRD also.  
The advantage of forming hard and wear resistant coatings at low-temperatures, near 
or below the tempering temperature of tool steels, allows minimal distortion and 
tighter tolerances of treated components to be achieved [8, 11, 13, 21, 43].   
Arai [8] showed that it is possible to form CrN coatings using the salt bath immersion 
method.  The thickness of the chromium carbonitride layer reached near its maximum 
after 1 hour of immersion and increased to its maximum of 8μm after 49 hours [8].  
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Arai [8] found that bath temperature did not significantly affect layer growth between 
530°C and 650°C, and at temperatures above 700°C a thin chromium carbide layer 
formed on the chromium carbonitride layer.  The chromium carbonitride coatings 
formed by the salt bath method have successfully been applied to dies for aluminium 
extrusion and die casting, with a significant improvement over hardened dies, by 
decreasing time required to  remove and polish burrs of soldered aluminium on the 
dies [8].   
In recent times Cao et al. [17, 21, 22]  have been able to reduce the salt bath immersion 
temperature to form CrN layers on H13 tool steels with layer thickness comparable to 
those formed by Arai. The chromised compound layer coated at 500°C for 24 hours 
was composed of nanocrystalline CrN grains with an average thickness of 8.1μm [21]. 
Cao [17, 21, 22] showed that the CrN layer formed at the expense of the iron nitrides.  
Chromising beyond 24 hours did not show any new CrN phases, while the iron nitride 
phases were not detectable by XRD after 6 hours of immersion at 500°C with 20wt% 
Cr-Fe powder [21].  Meanwhile the same temperature and immersion time, but with  
10wt% Cr-Fe powder in the bath, iron nitrides were still detected by XRD even after 
12 hours [21].  Thus, similarly to that shown by Arai, the formation of the CrN layer 
was faster with the addition of more Cr-Fe powders into the bath [8, 21].   
1.4.2 Fluidised bed TRD 
In the late 1980’s Arai [58] showed the potential of fluidised bed reactors for 
chromising and boriding at high temperatures  The fluidised bed method of performing 
TRD, similarly to the salt bath method, is attributed with high thermal conductivity, 
and good temperature uniformity [58].   
The TRD method in a fluid-bed reactor involves a bed composed of an inert powder, 
usually Al2O3, and powders of a carbide-forming or nitride-forming element.  The 
carbide and nitride-forming powders can either be added to the bead in pure metal 
form or as a ferro-alloy.  The bed material is fluidised with an inert gas such as nitrogen 
or argon.   
Traditionally the TRD method in a fluidised bed is applied at temperatures between 
800-1000°C.  At the depositing temperature a chemical activator is added to the bed 
material either as a gas, such as HCl, or as a powder, such as ammonium chloride 
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NH4Cl.  As with the salt bath TD process the purpose of the chemical activator is to 
form an active species of the CFE or NFE to deposit and diffuse the coating material. 
The amount of CFE or NFE powders used in fluid-bed TRD typically ranges from 
5wt% up to 50wt%.  However, it has been shown that with certain treatments, such as 
chromising at 800-1000°C the bed can become coagulated when the amount of CFE 
or NFE is increased.  Arai [58] found the bed to become coagulated when the Cr 
content was increased above 5wt%, while Chen [43] found the fluidisation to become 
worse when 50wt% of ferro-chromium powder used.  Although the thickness of layers 
increase to a degree with the addition of CFE or NFE powders it comes at the expense 
of coagulation of the bed, which in turn affects fluidisation and temperature 
uniformity.  
As with other high temperature processing methods distortion can be an issue in 
treating components and maintaining tight tolerances.  Duplex treatments to form 
coatings at low-temperatures, below 600°C, have also been developed using fluidised 
bed technology.   
In recent times Fabijanic developed a low-temperature chromising TRD process using 
fluidised bed reactor technology [1, 11, 21].    Fabijanic [11] showed that it is possible 
to form CrN surface layers on tool steels using fluidised bed reactors at low-
temperatures by a duplex surface treatment.  The FBR chromising process involves a 
precursor nitrocarburising component which forms a compound layer of about 10 μm 
in thickness, at a temperature of 575°C in a time of 3 hours [11].  The second stage of 
the process involved the thermo-reactive deposition and diffusion of chromium [10, 
11].  The deposition of chromium is achieved by placing the nitrocarburised substrate 
in a FBR which contains the processing powder (chromium and alumina) under an 
inert nitrogen atmosphere.  Gaseous hydrochloric acid is delivered into the gas stream 
with the nitrogen carrier gas which then reacts with the chromium powder to form 
gaseous chromium chloride [11].  The chromium chloride species was reduced at the 
nitrocarburised surface which resulted in the deposition and diffusion of chromium 
[10, 11].   During the TRD process the free-nitrogen in the compound layer diffused 
towards the surface to the nitride forming element, in this case chromium [11].   
Although there have been reports pertaining to low-temperature duplex surface 
treatments in which nitrocarburising or nitriding have been applied prior to TRD 
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chromising, using either a salt bath or a FBR, the process using a FBR has a large 
potential for practical industrial application [51].   The work in thesis intends to 
understand the reaction mechanism in the fluidised bed TRD approach to low-
temperature chromising to further develop the process. 
1.5 Formation of metal nitrides at low-temperatures 
Transition metal nitrides are useful in many technological applications as they are 
characterised by a number of beneficial properties; high hardness, corrosion resistance, 
electrical conductivity, low friction, thermal stability, biocompatibility and diffusion 
resistance [24, 74, 75].  The properties of metal nitrides make them important industrial 
materials that have a significant number of major applications in cutting and grinding 
tools, wear surfaces, semiconductors, diffusion barriers, tool coatings, as well as 
decorative coatings and jewellery [24, 74, 75].  It was in the 1980’s when the first 
generation of surface engineering technologies were commercially available to 
produce metal nitride surfaces, such as TiN, CrN, and ZrN [1, 74].   
Over the decades a number of transition metal nitride coatings and technologies have 
emerged, such as duplex surface engineering, and have successfully been applied to 
technological applications in response to increasing operating conditions and 
productivity whilst reducing cost, power and energy consumption [1, 75].  Some of 
the most commonly used transition metal nitrides today are TiN, TiAlN, CrN, AlN, 
VN, SiN, ZrN and NbN.   
Hard metallic coatings, such as TiN, CrN and Cr2N are typically used to improve the 
wear resistance of steels in tribological applications [19].  These coatings can be 
produced by techniques such as physical vapour deposition (PVD), chemical vapour 
deposition (CVD), cathodic arc deposition, reactive ion plating, magnetron sputtering, 
electroplating and plasma assisted CVD (PACVD) and thermo-reactive 
deposition/diffusion (TRD) [1, 19, 31, 45].   
The work in thesis focuses on CrN surface layers which are typically applied to tool 
steels for metal forming operations.  In particular, CrN formation using duplex surface 
engineering processes and fluidised bed techniques are examined to determine the CrN 
reaction mechanism at temperatures near the tempering temperature of tool steels.   
The processing details of CrN formation using fluidised beds is given in the following 
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section (Section 1.5.1), while Section 1.5.2 highlights another method of forming CrN 
using Solid-State Metathesis (SSM) reactions.  Although the SSM reactions to form 
CrN differ to the fluidised bed TRD method, they offer some insight into the reaction 
mechanism to form CrN.   
1.5.1 CrN formation by fluidised bed TRD  
Over the last decade the formation of CrN and Cr2N by TRD using fluidised bed 
reactor (FBR) technology has gained much attention.  By applying a pre-
nitriding/nitrocarburising surface treatment to various steels, it is has been shown, by 
Fabijanic, that it is possible to form a duplex CrN surface layer at low temperatures 
[11, 12].  The ability to form CrN on tool steels at low-temperatures, below the 
tempering temperature of the steel, makes this duplex TRD process using fluidised bed 
reactors extremely useful.   
The CrN low-temperature duplex surface treatment (chromising) not only provides a 
hard and wear resistant surface for tribological applications, it also minimises 
distortion of steel components and retains the core hardness due to the low processing 
temperature [11, 12].  Common applications of CrN duplex surfaces are particularly 
useful form aluminium extrusion and die casting [5, 32].  In aluminium forming 
applications CrN surfaces have been shown to improve aluminium soldering issues 
along with improved tooling life and reduced corrosive attack by hot aluminium [5].   
In the fluidised bed method of low-temperature chromising the process involves the 
reaction of gaseous hydrochloric acid with the source chromium powder in the bed to 
create the metal halide species [11].  Fabijanic in his work showed that when a 
nitrocarburised sample was placed in a bed consisting of 10-weight percent chromium 
metal powder (75-mesh) and 90 –weight percent aluminium oxide powder (120-mesh), 
and heated to 575°C under an atmosphere of nitrogen and hydrochloric acid, a CrN 
surface layer would form on the substrate [11].  The deposition of chromium onto the 
substrates surface was believed to occur by a hydrogen reduction reaction of gaseous 
chromium chloride at the substrates surface [11].  The hydrogen reduction reaction 
was based on prior work by Meier [76] who had shown that three possible reactions 
can occur to deposit chromium using the pack method: an interchange reaction 
between an iron atom in the substrate and the depositing chromium, a hydrogen 
reduction reaction and a thermal dissociation reaction of CrCl2 [76].   
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Interchange:  Fe(s) + CrCl2(g) = FeCl2 + Cr(s) 
Reduction:  CrCl2(g) + H2(g) = 2HCl(g) + Cr(s) 
Thermal dissociation:  CrCl2(g) = Cl2(g) + Cr(s) 
Meier and Perez both showed by thermodynamic calculation software, based on Gibbs 
free energy, that the dominant metal halide species in forming chromium carbide 
layers is chromium dichloride [23, 76].  Meier deduced based on weight and chemical 
analysis for total chromium that the deposition reaction using chlorine, bromine or 
fluorine activators was by hydrogen reduction below 1000°C and by interchange above 
1200°C [76].  While a combination of hydrogen reduction and interchange occurred 
between 1000-1200°C [76]. Thus, based on these findings the deposition of chromium 
in the low-temperature fluidised bed method was thought to occur by hydrogen 
reduction. 
Meanwhile, Perez [23] and co-workers studied chromising using CVD treatment in a 
fluidised bed reactor.  In their study they looked at chromising 304 stainless steel at 
various temperatures and HCl volumes.  They showed using HSC thermochemistry 
software that CrCl2 gas forms above 700°C and is the active halide species in the 
system, while at temperatures below 700°C CrCl2 also forms, but as a solid compound.  
The calculations also indicated that CrCl3 and CrCl4 are practically not generated in 
the system [23].    
Cao [21] and co-workers were able to a produce a CrN surface layer at a temperature 
of 500°C in a salt bath composed of BaCl2, CaCl2, NaCl2, CrCl3 and Cr-Fe powders.  
As in the fluidised bed process the metal halide species was created in-situ based on 
the following thermodynamic reactions: 
Reaction 4. 2CrCl3 + Cr(powders) → 3CrCl2 
Reaction 5.  2ε – Fe2N → γ’ – Fe4N + 2[N] 
Reaction 6.  γ’ – Fe4N → 4α – Fe + [N] 
Reaction 7.  2[Cr] + [N] → Cr2N 
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Reaction 8.  [N] + Cr2N → 2CrN 
Cao[22] indicated for Reactions 4 to 8 that the Gibbs free energy changes had negative 
values for the temperature range between 500-550°C, thus making all the reactions 
thermodynamically possible.  However, Cao [21] did not mention how the chromium 
dichloride is dissociated at the substrates surface to liberate the chromium.   
Although thermodynamic calculations [22] show that chromium dichloride is most 
likely the active species in the chloride system for chromising, it has been assumed, 
based on work by Castle and Gabe [77] on high temperature chromising, that the CrCl2 
species reacts with the iron-base substrate to form the activated chromium.  However, 
this assumes that the chromium is liberated by a gaseous reaction as is the case for 
high temperature chromising.  Also, according to the thermodynamic calculations by 
Perez [23] the quantity of CrCl2 gas in the temperature range of 500-550°C is very 
low; however, the quantity of CrCl2 as a solid compound is extremely high.  Thus, it 
could be possible that the chromium dichloride at low-temperatures is in solid form 
rather than gaseous form, and that the reaction between the substrate and the active 
species is by a solid-solid reaction.  
Although there is some literature on low-temperature chromising, conducted in both 
fluidbed reactors and salt baths, there is limited literature on the deposition and 
diffusion of the chromium into the substrate.  In particular there is a lack of literature 
on whether the low-temperature chromising process in a fluidised bed reactor is based 
on a gaseous or a solid-solid reaction involving the exchange of atoms.  Fabijanic [11] 
assumes the CrN to be formed by gaseous chromium chloride CrCl2 (reaction 1), which 
is subsequently absorbed onto the nitrocarburised surface and reduced by hydrogen to 
deposit the chromium onto the substrate (reaction 2). 
Reaction 1. HCl(g) input + Cr(s) powder → H2 (g) + CrCl2 (g) 
Reaction 2. H2 (g) + CrCl2 (g) → Cr (s) deposited + HCL (g) 
Contrary to the gaseous based reactions assumed by Fabijanic [11] in forming CrN 
surface layers at low-temperatures using fluidised bed TRD, thermodynamic 
estimations shown by Perez [23] indicate the possibility of CrN formation at low-
temperatures to be based on a solid-solid reaction.   
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Thermodynamic estimates with HSC chemistry software were used here to determine 
the compounds formed when Cr metal is chlorinated with HCl gas.  As low-
temperature chromising in a fluidised bed reactor involves activating the chromium 
powder with HCl [11], the inputs into HSC were Cr, H, and Cl.  As is shown in Figure 
1.1 the compound estimated to be most readily formed at 570°C is solid CrCl2.  It can 
be seen that CrCl2-3 in the gaseous state only forms above about 700°C.  Thus, these 
thermodynamic estimations closely match those shown by Perez [23].  In the fluidised 
bed method of low-temperature chromising it seems, based on the thermodynamic 
calculations, that solid CrCl2 is active species formed which deposits/diffuses Cr onto 
the nitrided surfaces.  However, these estimations need to be confirmed via suitable 
experiments. 
 
Figure 1.1  Thermochemical estimations of Cr and 1 vol% HCl system. 
It has been shown in the literature that metal nitrides, such as CrN, can also be formed 
at low-temperatures by solid-state metathesis routes [24, 25, 78].  Although the metal 
nitrides formed by the solid-state metathesis methods involve reactions between 
nitrides of the alkaline group and metal halides, they raise the question of whether CrN 
can be formed at low-temperatures by solid-state routes.  The work in this thesis, 
through controlled experiments, aims to determine if the reaction mechanism to form 
CrN at low-temperatures using fluidised bed TRD is based on a solid-solid or gaseous 
reaction.     
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1.5.2 CrN formation by Solid-State Metathesis (SSM) reactions 
Metal nitrides are traditionally synthesised at high temperatures (>1000°C) by the 
reaction of metal with ammonia, nitrogen or with a nitrogen/hydrogen mix for 
extended periods of time [24, 25, 78-82].  These methods are commonly associated 
with incomplete nitridation and incorporation of unreacted metal in the product and a 
lack of control over the crystallinity and particle size [24, 83, 84].    Self-propagating 
high-temperature synthesis (SHS) can also be applied to form nitrides by reacting high-
surface-area metal powders with nitrogen under high pressure or sodium azide   [25, 
78, 79, 82, 83].  Although metal nitrides can form rapidly using SHS methods these 
often result in incomplete nitridation, leaving unreacted metal in the final product [79, 
83].  Challenges of SHS methods are obtaining a yield of a metal nitride at moderate 
temperatures and low pressures, such as for AlN formation [78].  An alternative 
method for synthesising metal nitrides, solid-state metathesis (SSM), involves the use 
of metal halides and alkali-metal or alkaline-metal nitrides [25, 78, 81, 84].   
Solid-state metathesis reactions are exothermic and self-propagating; reaching 
temperatures in excess of 1000˚C in less than 1s once initiated and cool rapidly [24, 
25, 78, 80, 81, 83, 84] .  SSM reactions are driven by the exothermicity of salt 
formation to produce the desired metal nitride [25, 78].  These reactions are initiated 
at room temperature by a hot electric filament or heating in an ampoule, self-propagate 
and reach high-temperatures rapidly [24, 78, 84].  In some instances the precursors can 
be so reactive that they self-initiate on mixing [79].  Solid-state metathesis reactions 
have successfully been applied in synthesising various crystalline refractory materials 
such as borides, chalcogenides, and nitrides [82]. 
The literature reveals instances where SSM reactions have been applied to form CrN 
and Cr2N [24, 25, 81, 83, 84].  Although the SSM process is not a surface engineering 
technique it does offer an insight into the reactions involving solid chromium chlorides 
and transition metal nitrides.  In the past forming certain refractory materials, such as 
CrN, TaN and Mo2N, with high crystallinity was difficult due temperatures exceeding 
the decomposition temperatures of these nitrides under ambient conditions [24, 25].  
However, it has been shown by O’Loughlin [25] and Aguas [24] that single phase CrN 
can be formed by metathesis reactions below its decomposition temperature.  
O’Loughlin was able to produce CrN by synthesising CrCl3 and Li3N initiated under 
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49kbar pressure, while Aguas produced CrN using CrCl2, Mg3N2 and MgCl2 initiated 
between 300-500˚C [24, 25].  The reaction using reagents of CrCl2 and Mg3N2 was 
able to reduce the exothermicity of the reaction, while the use of dilutant salt MgCl2 
was able to soak up some of the reaction energy and thus reduce the reaction 
temperature to below 1080°C [24].  O’loughlin [25] also showed by adding ammonium 
chloride NH4Cl in addition to CrCl3 and Li3N, CrN forms at significantly lower 
pressures.      
Aguas and co-workers [24] were able to form single phase CrN and Cr2N at low-
temperatures using different combinations of anhydrous chromium dichloride, 
anhydrous chromium trichloride, anhydrous magnesium chloride, chromium oxide, 
magnesium nitride, calcium nitride, and lithium nitride.  The untriturated material from 
all the SSM reactions showed some coproduced crystalline salt products in addition to 
the metal nitrides, namely MgCl2 and CaCl2 [24].  Of particular interest was the 
synthesis between CrCl2 with Mg3N2 and MgCl2 at temperatures between 300-500°C.  
This particular synthesis formed CrN by the following reaction [24]:  
 
Reaction 3. 3CrCl2 + Mg3N2       3CrN + 3MgCl2 
 
The solid-state synthesis reactions were carried out using a Pyrex ampoule which was 
sealed under a vacuum and heated in a furnace.  The ampoule was heated from room 
temperature to 300°C in 5-10mins, then heated from 350-500°C over an hour and held 
at 500°C for 1.5 hours.  The contents inside the ampoule was; magnesium nitride (1-
2mmol), anhydrous chromium chloride (1:2 ratio of alkaline earth metal to chloride) 
and anhydrous magnesium chloride (1.5 molar equivalents) [24].  The powders were 
ground together using a pestle and mortar and then placed into the ampoule under a 
vacuum.  
SSM reactions using metal halides and alkaline nitrides as precursors, such as CrCl2 
and Mg3N2 or CrCl3 and Li3N, have been shown to form CrN [24, 25].  Aguas 
demonstrated that the SSM reactions formed a coproduced product along with the 
metal nitrides formed [24].  As was shown in the previous section, thermochemistry 
estimations showed that solid CrCl2 is likely to form at temperatures below 700˚C 
350°C 1h, 500°C, 1.5h; 1.5 equiv. MgCl2 
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when chlorinated with gaseous hydrochloric acid.  Thus, it may be possible that the 
reaction between solid CrCl2 and iron nitrides Fe2-4N at low-temperatures, such as 
those near the tempering temperature of tool steels, may form CrN by a solid-state 
reaction. 
To explore the possibility of CrN formation by solid-state routes at low-temperatures, 
between chromium chlorides and iron nitrides, it is possible to conduct synthesis 
reactions similar to those performed by Aguas [24].  In place of using an alkaline 
nitride, such as Mg3N2, a transition metal nitride such as Fe2-4N could be used.  Thus, 
solid powders of CrCl2-3 and Fe2-4N could be mixed, ground and heated to low-
temperatures to explore whether CrN can be formed by solid-solid methods.    
Exploring reactions between various solid chromium chlorides and iron nitrides, via 
solid-state synthesis routes, will allow a deeper understanding into the reaction 
mechanism to form CrN at low-temperatures between Cr metal halides and iron 
nitrides.         
1.6 Summary, gaps in knowledge, and research question 
Low-temperature chromising is part of a duplex surface engineering process involving 
a pre-cursor ferritic nitrocarburising treatment [10, 11].  Low-temperature duplex 
chromising in recent times has gained widespread recognition for its ability to provide 
excellent wear, hardness and frictional properties for many tribological applications, 
such as for aluminium extrusion tooling [32].   
The capability to surface treatment tools below their tempering temperature allows 
distortion to be significantly minimised and core hardness to be retained due to the low 
processing temperature [11].  Low-temperature duplex chromising has only been 
explored in recent times, namely by Fabijanic [11] and Cao [21].  Fabijanic [11] has 
shown the formation of CrN layers using fluidised bed reactor technology at a 
temperature of 575°C, while Cao [21] formed CrN layers using salt bath immersion at 
temperatures between 500-550°C.  In both cases it is believed that the chromium 
chloride (CrCl2) is the active species formed during the chromising process [11, 21].  
Fabijanic [11] reported that the deposition of the chromium metal onto the substrate 
occurs via a hydrogen reduction reaction, based on findings by Perez, while Cao [22] 
offers no information into how the chromium is liberated at the substrates surface.    
 34 
Meanwhile the literature revealed CrN formation by solid-state metathesis reactions 
involving CrCl2-3 and alkaline metal nitrides.  Aguas [24] showed that CrN could be 
formed at 300-500°C involving a reaction between CrCl2, Mg3N2 and MgCl2.  It has 
also been shown by Perez [23], through thermodynamic estimations, that CrCl2 is the 
active species formed during low-temperature chromising; however the major sub-
halide species is a solid compound rather than a gaseous one.  Based on Perez’s [23] 
sub-halide calculations and the solid-sate metathesis reaction by Aguas [24], it is 
possible that the formation of CrN at temperatures below 800°C occurs via a solid-
state reaction between the metal halide and the substrate.  It was also shown in the 
SSM reactions performed by Aguas [24] that a coproduced product forms along with 
metal nitride formation, which may also be possible with low-temperature CrN 
formation between chromium chlorides and iron nitrides.    
The main impetus for this research is to confirm and characterise the reaction 
mechanism to form CrN at low-temperatures between chromium chlorides and iron 
nitrides and apply the knowledge to form a chromising technique.  By characterising 
the mechanism of chromium nitride formation at low temperatures it is possible to 
select the right processing parameters, reduce processing temperature and cost, and 
form uniform layers.  This thesis aims to understand the mechanism of CrN formation 
on nitrided ferrous materials and apply it to the duplex method of chromising using a 
fluidised bed reactor.   
Does the reaction between solid CrClx and Fe2-4N produce CrN? 
x What is the effect of temperature and time? 
x What is the reaction mechanism? 
x Can the reaction be applied to form CrN layers on bulk materials? 
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1.7 Thesis Outline 
There are two main aspects to the work in this Thesis; 
x A fundamental experimental program using pure powders as input materials 
(Fe2-4N, Fe, Cr, CrCl2, CrCl3) to explore the CrN reaction mechanism at low 
temperatures.  
 
x An applied experimental program which explores various techniques to form 
CrN layers on bulk materials.  
This thesis is divided into two experimental chapters; Chapter 3 – A Study of the 
Reaction between Chromium Chloride and Iron Nitride, and Chapter 4– Methods of 
Forming CrN Layers on Bulk Materials.  The experimental methods and techniques 
of both experimental chapters are detailed in Chapter 2, while the results and 
discussions are presented in Chapters 3 and 4.    Finally, conclusions and future work 
are detailed in Chapter 5. 
Chapter 2: Experimental Methods and Techniques 
This chapter details the experimental methods and techniques associated with the 
fundamental experimental program as well as the applied experimental program.  The 
chapter is divided into two sections, each section outlining the experimental details of 
the individual experimental programs.   
Chapter 3: A Study of the Reaction between Chromium Chloride and Iron Nitride 
This chapter investigates the possibility of forming CrN by solid-state routes at low-
temperatures.  The experimental method in this chapter is based on work performed 
by Aguas [24], however in this work the focus is on the reactions between iron nitrides 
and chromium chlorides in a solid-state metathesis reaction.  In particular chromus 
chloride and chromic chloride powders are mixed with iron nitride powders to 
determine whether CrN can be formed.  The resulting solid-stated reactions will offer 
insight into the low-temperature chromising reaction mechanism, as well as to the 
active chromium metal halide species formed during duplex processes.  The elemental 
compositions of the products produced by the fundamental program are analysed using 
XRD, EDX, DSC/TGA, and microscopy techniques.  
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Chapter 4: Methods of Forming CrN Layers on Bulk Materials 
This chapter aims to utilise the knowledge found in Chapter 3 to explore various 
methods of forming chromium nitride surface layers on tool steels.  The first section 
of this chapter involves a comprehensive study on the species formed when chromium 
metal is activated with hydrogen chloride gas (HCl).  The activated chromium metal 
is examined using XRD profiling to determine the phases formed.  To confirm that the 
metal halide species formed with this approach can deposit/diffuse chromium onto 
nitrogen rich surfaces, it is coupled with nitrocarburised H13 tool steel samples and 
examined using XRD, GD-OES and optical microscopy. 
The second part of this chapter aims to determine which processes are best suited 
towards forming CrN layers on tool steels at temperatures below their tempering 
temperature.  A focus on maximising the layer thickness, uniformity and exploring 
practical processing methods will be discussed for possible future developments of the 
chromising process.  This section explores low-temperature chromising methods such 
as; fluidised bed reactors, pack, and vibratory methods.   
Chapter 5:  Conclusions and Future Work 
This chapter summaries the findings from the fundamental and applied experimental 
programs examined in this work, and concludes with recommendations on areas for 
further research.    
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Chapter 2 
 
Experimental Methods and Techniques 
 
This chapter is divided into two sections: the first section provides details on the 
experimental methods and techniques common to the work carried out in the 
fundamental experimental program (Chapter 3 – A Study of the Reaction between 
Chromium Chloride and Iron Nitride), while the subsequent section provides the 
experimental methods and techniques common to the applied experimental program 
(Chapter 4 - Methods of Forming CrN Layers on Bulk Materials).   
 
2.1 Experimental Method of Fundamental Program 
The work in Chapter 3 involves a fundamental study which includes both pure reagents 
and in-situ formed reagents.  The study involving pure reagents to perform solid-state 
reactions includes high purity chromium, chromium chlorides and iron nitrides, while 
the study involving in-situ reagents includes solid-state reactions between synthesised 
nitrocarburised iron powder and chlorinated chromium powder.  The purpose of the 
pure study was to confirm CrN formation by solid-state reactions, thus high purity 
reagents were used to achieve this.  Meanwhile, the study involving reagents formed 
in-situ aimed to produce CrN using less expensive methods and powders which offer 
more practicality.   The experimental approach is depicted schematically in Figure 2.1. 
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Figure 2.1 Solid-Solid experiments of CrClx coupled with Fe2-4N 
2.1.1 Reagent powder synthesis and characteristerisation 
Commercially available high purity powders or flakes of anhydrous chromus chloride 
(CrCl2), anhydrous chromic chloride (CrCl3), iron nitride (Fe2-4N), electrolytic 
chromium (Cr), and iron (Fe) were used.  The chemical analysis and particle size and 
of the reagent powders are summarised in Table 2.1.  In addition to pure reagent 
powders, chromium chloride and iron nitride species were synthesised by the 
following procedures.   
2.1.1.1  Chlorination of chromium powder  
A fluidised bed reactor (FBR) was filled with 300g of electrolytic chromium powder 
and heated to 570°C under an inert argon atmosphere.  Once the set point was obtained 
hydrogen chloride (HCl) gas was added to the fluidising stream (1% of total flow) for 
a total of 5 hours.  The chromium bed was then cooled to room temperature under a 
Pure reagents In-situ formed reagents 
CrCl2 CrCl3 Fe2-4N Fe Cr 
≥ 99% 
purity 
≥ 99% 
purity 
≥ 99% 
purity 
≥ 99.8% 
purity 
≥ 99% 
purity 
Chlorinate with 
HCl(g) 5hrs 
15hrs 
nitrocarburising 
Fe2-3 (CN) CrClx 
CrN ?? CrN ?? 
Cr Fe2-4N
CrCl2 Fe2-4N
CrCl3 Fe2-4N
Powder combinations
Cr 
≥ 99% 
purity 
 39 
argon atmosphere.  The treated powder was then removed from the FBR and placed in 
an air tight container.  
2.1.1.2  Nitrocarburising of iron powder 
Initial trials designed to nitride the iron powder were unsuccessful.  Nitriding of pure 
iron is well known to be a challenge due to low carbon content.  Consequently the iron 
powder was nitrocarburised.  300g of iron powder with -100/+325 mesh size and 
99.8% purity was placed into a fluidised bed reactor and heated to 570°C under an 
inert nitrogen atmosphere.  Once the set point had been obtained ammonia (NH3, high 
purity, 35% of flow) and carbon dioxide (CO2, high purity, 5% of flow) gases were 
added in the fluidising stream. The iron powder was nitrocarburised for a total of 15 
hours at 570qC to allow the particles to form a thick compound layer, and then cooled 
to room temperature before being removed and placed into an air tight container.   
 
Table 2.1 Reagent powder size and purity. 
Powder Purity Mesh size 
Iron metal powder, hydrogen reduced 99.80% -100/+325 
Anhydrous Chromus Chloride 
(CrCl2) > 99% -80 
Anhydrous Chromic Chloride (CrCl3) >99% purple crystalline flakes 
Iron Nitride powder FexN (x=2-4) >99.9 -325 
Chromium metal powder >99.8% -100 
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2.1.1.3  X-Ray Diffraction (XRD) Profiling 
Prior to performing the solid-state experiments X-ray diffraction (XRD) profiling was 
performed on the reagents using a PANalytical X’Pert PRO MRD diffractometer.   1g 
of the powder was analysed over a 2θ range of 10° to 140° with a 0.015-0.05° step size 
and a speed varying from 1 to 4 seconds per degree.  A Cu-Kα radiation source was 
used at 40kV and 30mA.  XRD HighscorePlus software and diffraction data from 
ICDD database (International Centre for Diffraction Data) were used to determine the 
phases of the resulting spectra.  To avoid background noise during XRD profiling an 
amorphous silicon wafer disc was used.   
2.1.2  Solid-State Reactions  
2.1.2.1  Reagent powder mixing 
All reagents were handled in a glove box under a nitrogen atmosphere.  The reagents 
were loaded into the antechamber of the glove box and repeatedly evacuated and back 
filled with nitrogen prior to entry into the main chamber.  Scientific scales (±0.001g) 
in the glove box were used to weigh the powders required for the solid-state 
experiments.   
The powder mixtures were ground using a pestle and mortar until a fine consistency 
was achieved.  To produce a finer powder size involved mixture of CrCl3 and Fe2-4N 
powder (1:1, ~10g total) and was planetary ball milled using stainless steel balls of 10 
mm diameter for 24 hours under an Ar atmosphere.     
The ground powder mixtures were loaded into an alumina crucible (5ml capacity).  
Due to the hygroscopic nature of the chromium chloride powders exposure to ambient 
atmosphere was minimised. The powder-filled crucible was placed in a sealed 
container whilst in the evacuated glove box.  The alumina boat was finally removed 
from the glove box and taken to the tube furnace for experiment to take place.  
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2.1.2.2  Reactor experiments 
All the solid-state reactions were conducted using a GSL1600X40 Compact Tube 
Furnace (Figure 2.2).  The tube furnace consisted of silicon carbide elements 
embedded in ceramic fibre with a 40mm diameter quartz tube of 2mm wall thickness.  
 
Figure 2.2 Schematic of powder reaction experimental configuration. 
Prior to loading the powder mixture, a flow of argon gas (UHP Air Liquide, 2 l/min) 
was established in the quartz tube to minimise any ingress of air upon loading the 
crucible.  The powder-filled alumina crucible was then removed from the sealed 
container and placed centrally in the quartz tube.  A thermocouple was located in the 
powder mixture and a reference thermocouple was placed in close proximity to the 
crucible.  Temperature was recorded during the reaction experiment using a data 
logger and the two thermocouples were utilised to detect whether any exothermic 
reactions occurred during the heating process of the powders.  Finally, the end-cap of 
the tube was fitted and the exhaust gas was directed to an effluent extraction system.  
The tube furnace was heated from room temperature to the set-point at approximately 
10°C/min.  Once the set-point had been reached the furnace was held at the reaction 
temperature for the desired duration and then cooled to room temperature at 
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~10qC/min.  After thermal processing the powder was immediately sealed in a vial for 
XRD and EDX analysis.   
Table 2.2 summarises the experimental parameters of all the solid-state experiments 
conducted.  The central hypothesis of this work is that the reaction between the solid 
chromium chloride species and nitrogen-rich iron will yield chromium nitride.  To 
explore this both chromus (CrCl2) and chromic (CrCl3) chloride powders were reacted 
with high-purity iron nitride powders (1:1).  However, to confirm that chromium 
chlorides species are required for chromium nitride formation control experiments 
were first performed at 450, 570 and 700°C.  The control experiments involved heating 
a (1:1) powder mixture of pure electrolytic chromium and iron nitride for 9 hours at 
the various temperatures.   
For further understanding of the reactions, the effect of temperature (450, 570 and 
700qC) and the kinetics (1, 9 and 24h at 570qC) of the reactions were determined for 
both chromium chloride reagents.  Additionally, the effect on the quantity of chromium 
nitride formed by altering the chromium chloride-to-iron nitride ratio (3:1 and 1:3) and 
decreasing the reagent particle size (ball milling, 24h) was determined.  Finally, to 
confirm that the same reaction to form chromium nitride occurs on synthesised 
reagents a powder reaction experiment (570qC, 9h) was conducted using a mixture 
(1:1) of chlorinated electrolytic chromium powder and nitrocarburised iron powder.  
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Table 2.2  Experimental parameters of all reaction trials. 
 
 
All of the reaction trials detailed in Table 2.2 were repeated three times. The resulting 
powder mixture after the thermal reaction is termed “product powder” hereafter.  This 
product powder was analysed by the following procedures.   
 
Reagent 
ratio
Powder 
mass (g)
Time 
(hours)
Temperature 
(°C) Mixing method
Cr Fe2-4N 1:1 4 9 450
pestle and 
mortar
Cr Fe2-4N 1:1 4 9 570
pestle and 
mortar
Cr Fe2-4N 1:1 4 9 700
pestle and 
mortar
CrCl2 Fe2-4N 1:1 4 9 450
pestle and 
mortar
CrCl2 Fe2-4N 1:1 4 9 570
pestle and 
mortar
CrCl2 Fe2-4N 1:1 4 9 700
pestle and 
mortar
CrCl3 Fe2-4N 1:1 4 9 450
pestle and 
mortar
CrCl3 Fe2-4N 1:1 4 9 570
pestle and 
mortar
CrCl3 Fe2-4N 1:1 4 9 700
pestle and 
mortar
CrCl2 Fe2-4N 1:1 4 1 570
pestle and 
mortar
CrCl2 Fe2-4N 1:1 4 24 570
pestle and 
mortar
CrCl3 Fe2-4N 1:1 4 1 570
pestle and 
mortar
CrCl3 Fe2-4N 1:1 4 24 570
pestle and 
mortar
CrCl3 Fe2-4N 1:3 5 24 570
pestle and 
mortar
CrCl3 Fe2-4N 3:1 6 24 570
pestle and 
mortar
Effect of 
powder size CrCl3 Fe2-4N 1:1 10 24 570 Ball Mill
Effect of 
Powders
Chlorinated 
Cr
Nitrocarburised 
Fe 1:1 4 9 570
pestle and 
mortar
Effect of 
Ratio
Powder mixture Conditions
Reagents
Effect of 
Temperature 
Kinetics
Control
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2.1.3 Characterisation of product powders 
2.1.3.1  Metallographic preparation  
A small amount (~500mg) of the product powder from the solid-state experiments was 
dispersed onto the mounting surface of a Struers CitoPress 20. Electrically conductive 
resin powder (Struers Polyfast) was loaded on top of the product powder and the resin 
cured at a pressure of 120 MPa at 180qC for 8 mins.  As the mounting temperature is 
much lower than the powder reaction temperatures, the effect on the phases and 
structure of the synthesised powder is assumed to be negligible.   
The metallographic polishing of the samples was performed using a Struers Tegrapol-
21 and Tegradoser-5 automatic polisher and dosing system.  The polishing sequence 
is summarised in Table 2.3. 
 
 Table 2.3 Polishing sequence for metallographic preparation. 
Step No. Abrasive size (μm) Polishing pad 
Force 
(N) 
Duration 
(mins) 
1 15 MD-Allegro 30 15 
2 3 MD-Largo 30 15 
3 3 MD-Dac 25 8 
4 1 MD-Dac 10 5 
5 
Colloidal silica 
(OP-S) OP-Chem 10 7 
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2.1.3.2  Light Optical Microscopy 
Synthesised powders were prepared for optical microscopy as detailed in section 
2.1.4.1.  The synthesised powders were examined using bright field microscopy with 
an Olympus BX51M optical microscope equipped with an Olympus DP70 digital 
camera.  
2.1.3.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 
spectroscopy (EDX) 
SEM and EDX analysis of the solid-state trials were examined using a Ziess Supra-
55VP SEM microscope and an Oxford Instruments X-max Silicon Drift Detector 
(SDD).  Energy Dispersive X-Ray Spectroscopy (EDS or EDX) is a chemical 
microanalysis technique used in conjunction with SEM.  The elemental maps 
generated by the SDD give images showing the spatial distribution of elements of the 
sample being characterised.  
All samples prior to SEM and EDX analysis were metallographically prepared as 
outlined in section 2.1.4.1.   Following polishing, the mounted samples were attached 
to an aluminium stub using a conductive carbon adhesive tape and coated with a 
conductive fast drying silver paint.  The samples were placed in a vacuum overnight 
to remove any impurities prior to being placed in the microscope chamber.   
For SEM images the secondary (SE) and Angular Selective Backscatter (AsB) 
detectors were used.  While for EDX elemental mapping the SE detector was used and 
a working distance of 14mm.    
2.1.3.4  XRD analysis of product powder 
Prior to performing the solid-state experiments X-ray diffraction (XRD) profiling was 
performed on the reagents using a PANalytical X’Pert PRO MRD diffractometer.  1g 
of the powder was analysed over a 2θ range of 10° to 140° with a 0.015-0.05° step size 
and a speed varying from 1 to 4 seconds per degree.  A Cu-Kα radiation source was 
used at 40kV and 30mA.  XRD HighscorePlus software and diffraction data from 
ICDD database (International Centre for Diffraction Data) were used to determine the 
phases of the resulting spectra.  To avoid background noise during XRD profiling an 
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amorphous silicon wafer disc was used.  Rietveld quantitative analysis was performed 
on all spectra to determine the relative quantities of the phases formed.   
2.1.3.5 Differential Scanning Calorimetry (DSC) and Thermogravimetric 
Analysis (TGA) 
DSC is a thermoanalytical technique which provides information about the difference 
in heat flow rate into a substance and a reference, measured as a function of 
temperature, while the sample is subjected to a controlled temperature program [85].  
DSC provides information on thermal changes that do not involve a change in sample 
mass, while TGA is a technique which measures the change in mass of a substance 
measured as a function of temperature while the substance is subjected to a controlled 
temperature programme [86].   
The basic principle underlying the DSC technique is that, when the sample undergoes 
a physical transformation such as a phase transition, more or less heat will need to flow 
to the sample than the reference to maintain both at the same temperature.  More heat 
flow to the sample is required if the process is endothermic, while less heat flow is 
required if the process is exothermic.  By measuring the difference in the heat flow 
between the sample and reference the DSC can display the amount of heat absorbed 
or released during phase transitions.   
Thermogravimetric analysis (TGA) provides complimentary and supplementary 
characterisation information to the most commonly used DSC thermal analysis 
technique.  TGA measures the amount and rate of change in the mass of sample as a 
function of temperature, or time,  in a controlled programme [87] .  This technique can 
characterise materials which exhibit weight loss or gain due to decomposition, 
oxidation or dehydration.  Mass loss in a sample will only be seen if the substance 
contains a volatile fraction [87]. 
A Netzsch STA-409PC was used to perform DSC/TG analysis to quantify mass 
changes or energy events occurring during the synthesis of the solid-state experiments.  
The powders were individually analysed with the STA instrument as well as mixtures 
of the powders (1:1 ratio).  Table 2.4 below summarises the DSC/TGA (or STA) 
experimental parameters.   
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Table 2.4   TGA/DSC analysis parameters. 
Powder(s) 
Analysed Ratio 
Temperature Set-
Point (°C) Atmosphere 
Heating 
Rate 
(°C/min) 
CrCl2 - 700 Ar 20 
CrCl3 - 700 Ar 20 
Fe2-4N - 700 Ar 20 
Fe2-4N - CrCl2 1:1 700 Ar 20 
Fe2-4N - CrCl3 1:1 700 Ar 20 
 
2.2 Experimental Method of Applied Program 
Chapter 4 applies the CrN reaction mechanism determined in the fundamental program 
(Chapter 3) to form CrN layers on bulk materials using four different processing 
methods.  Prior to conducting the various experiments to form CrN layers, the bulk 
material samples were heat treated and nitrocarburised using a fluidised bed reactor.  
This section first outlines the heat treating regime and nitrocarburising surface 
treatment applied to the bulk samples, followed by details of the fluidised bed reactors 
used in the study.  Finally, details of the four methods applied to form CrN layers are 
presented along with the characterisation methods used to analyse the surface layers 
formed.   
2.2.1 Heat treatment Regime 
As AISI H13, a chromium hot-work tool steel, is most commonly used for aluminium 
metal forming applications, it was selected as the ferrous material for forming CrN 
layers on bulk materials [5, 88].  AISI H13 tool steels are a chromium alloyed steel 
that are attributed with good hardness and toughness [88].  The chemical composition 
(in wt %) of the AISI H13 tool-steels used in this investigation, as measured by the 
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bulk function of a LECO 850 glow-discharge optical emission spectrometer (GD-
OES), are shown in Table 2.5.   
Table 2.5  AISI H13 tool steel compositional analysis. 
H13-Ovar Supreme C Mn Cr Mo V Si 
Typical Analysis % 0.39 0.4 5.2 1.4 0.9 1 
Measured Analysis 
% (GD-OES) 
0.39 0.39 5.5 1.44 0.84 0.95 
 
When AISI H13 tool-steel is used for metal forming operations, the steel is always 
hardened and tempered to improve its hardness and toughness [5, 88].  AISI H13 tool 
steel dies are practically universally used for extruding commercial aluminium [5, 88].  
It has been shown that the most common mechanisms of die failure are fracture, wear 
and deflection [9].  As dies are subjected to cyclic temperatures, high pressures, and 
wear it is essential that dies are heat treated carefully to obtain optimum hardness and 
toughness properties [9, 89, 90].  Even though the work in this research does not focus 
on the hardness and toughness of the surface treated specimens, the AISI H13 tool 
steel substrates were heat treated to mimic those typically used for aluminium metal 
forming operations.  
The hardening process of tool steels involves pre-heating, austenitising, quenching, 
and tempering [88-91].  Pre-heating of high alloyed tools steels is often necessary to 
ensure that distortion and cracking do not occur due to temperature gradients through 
the cross-section [89].  Austenitising is the step which involves heating steel above the 
upper critical temperature where the matrix fully transforms to austenite [88, 91].  The 
purpose of austenitising is to allow the carbides to dissolve into the iron matrix [88].  
Once steel has reached its austenitising temperature it is soaked for a short period of 
time to allow the dissolution of the alloy carbides into the matrix [88].  
Once the austenitising process is complete, the steel must be rapidly cooled to allow 
the austenite matrix to transform to martensite [46].  Quenching steels is usually 
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achieved by some form of media such as water, oil, air etc. to allow rapid cooling to 
occur [46, 92].  The minimum cooling rate and quenching media used are typically 
based on the composition of the steel [88, 92].  After quenching the resulting 
martensitic structure is very brittle and requires further heat treatment [46].   
Tempering is the final heat treatment process required to produce a tool steel with a 
combination of hardness and toughness [89, 93].  Tempering is applied to hardened 
steels to relieve the stresses of the brittle martensite structure formed during 
quenching, and to reduce the amount of retained austenite [88, 93] .  The martensite 
structure formed during quenching is a rather unstable structure [88, 93].  Tempering 
allows the carbon atoms to diffuse from martensite to form carbide precipitates and 
the simultaneous formation of ferrite and cementite, which gives the steel a more stable 
microstructure [91].  Although tempering tool steels lowers the final hardness, the 
toughness of the steel improves dramatically.  Thus, the tempering process allows the 
final desired hardness, toughness, ductility and strength of the steel to be achieved [88, 
93].   
The heat treatment processes used to harden the AISI H13 tool-steel substrates in this 
work, was based on typical core properties found in dies for extruding aluminium.  
Standard dies for aluminium extrusion are made from AISI H13 tool-steel and are heat 
treated to obtain a hardness of about 450-500 HV [5].  The samples were austenitised 
at 1020° C for 30 mins, quenched in air, followed by a double temper at 570° C.  The 
steel substrates were tempered at 570°C  allowing the precipitation of alloy carbides 
leading to secondary hardening and minimising any retained austenite in the steel [88].  
It has been shown with tool steels that the hardness initially drops at lower 
temperatures due to the release of carbon from the martensite structure; however at 
higher temperatures secondary hardening is possible as a result of the precipitation of 
alloy carbides [88].  Therefore, secondary hardening of tool steels allows duplex 
surface treatments to be applied at higher temperatures without any significant 
softening of the core. 
The austenitising and tempering were both carried out using a fluidised bed reactor 
under an inert nitrogen atmosphere, while the samples were quenched in ambient air.  
The microstructure of the hardened and tempered AISI H13 consisted of a fine 
dispersion of alloy carbides in a tempered martensite matrix.  The core hardness of the 
samples was measured in-between and at the completion of the heat treatment cycles, 
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using a Rockwell hardness indenter, to ensure the correct properties were attained.  
The average hardness of the samples was 49 HRC.   
2.2.1.1  Heat treating H13 specimens 
The AISI H13 tool steel specimens were machined from a commercially as-received 
100 x100mm billet.  The specimens were cut and machined to the dimensions shown 
in Figure 2.3 and surface ground to give a final thickness of 4mm.  A 2mm diameter 
hole was drilled on all specimens for hanging purposes in the fluidised bed reactor.   
 
Figure 2.3   H13 specimen dimensions. 
The AISI H13 samples were all suspended onto a fixture using stainless steel wire and 
placed in a fluidised bed furnace.  The furnace was heated to a set-point of 1020°C 
under a nitrogen atmosphere.  Once at the set-point the furnace was held at temperature 
to allow the samples to austenitise for 30mins.  Once austenitising was complete the 
samples were removed from the furnace and quenched in air.   
When the samples were cooled to room temperature they were placed in the fluidised 
bed furnace at 570°C under a nitrogen atmosphere to be tempered.  The samples were 
held at 570°C for 1h and then removed and cooled in air.  The same tempering 
procedure was applied a second time to ensure complete transformation of retained 
austenite to martensite.   Following hardening and tempering the AISI H13 samples 
were polished to a 600-grit SiC paper finish.  
 
2mm hole for hanging 
in fluidised bed reactor 
12mm
15mm 
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2.2.2 Fluidised bed reactor specifications 
In this research a considerable amount of the work was carried out using fluidised bed 
reactors.  In particular, fluidised bed reactors were used to: heat treat all the AISI H13 
specimens, nitrocarburising, chlorinating a chromium sputter target and for duplex 
chromising.  The heat treatment and nitrocarburising of the AISI H13 samples were 
completed using a production-scale fluidised bed reactor, while the duplex chromising 
and the chlorinating of the chromium sputter target were performed in a research 
laboratory-scale fluidised bed.  Figures 2.4 and 2.5 show a schematic of the two types 
of reactors used in this research. 
2.2.2.1  Nitrocarburising in a fluidised bed reactor 
The nitrocarburising surface treatment of the AISI H13 samples was performed in a 
fluidised bed reactor containing a bed of 120-mesh alumina (Al2O3) (Figure 2.4).  The 
contents of the bed were contained in a 253MA Cr-Ni alloy heat resistant retort of 600 
mm diameter and 1800 mm depth.  The samples were hung by wire on a fixture and 
loaded into the furnace at 570°C under an inert argon atmosphere.  The 
nitrocarburising atmosphere consisted of nitrogen (N2), ammonia (NH3), and carbon 
dioxide (CO2).  The total flow of the gases was to produce an aggregative fluidisation 
at the set point which was 20.85 m3/hr.  The total flow was made up of 62% nitrogen, 
35% ammonia, and 3 % carbon dioxide. The input gases were supplied to the bed at 
regulated pressures and the flow controlled by automatic Waukee flow meters.  The 
input gases were supplied to the bed via two different distributors; the lower distributor 
supplied nitrogen and ammonia, while the middle distributor supplied nitrogen and 
carbon dioxide.  The use of two distributors prevented ammonium carbonate forming 
and blocking the pipes if carbon and ammonia were supplied through a single 
distributor.  Both distributors were made from a sintered 316 stainless steel diffusion 
plate which provided an even distribution of gas into the bed, thus giving a uniform 
fluidisation.  A coarse grit of aluminium oxide powder (16-msesh) was used to cover 
the distributors from excessive heat and to assist in providing a uniform gas 
distribution throughout the bed.  The coarse grit alumina was also used to separate the 
fine 120-mesh alumina from the distributors.  The bed was heated by external ceramic 
silicon carbide elements and the temperatures within the furnace controlled by three 
N-type thermocouples. The top of the bed was closed with a removable lid, sealing the 
bed from the atmosphere, and any effluent gases were burnt off with a pilot burn at the 
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end of the flue.  The samples, once nitrocarburised, were removed from the current 
furnace and transferred into another fluidised bed furnace for quenching under a 
nitrogen atmosphere.  A random selection of samples were analysed by Glow-
Discharge Optical Emission Spectroscopy (GD-OES) to confirm the composition of 
nitrocarburised specimens. 
2.2.2.2  Duplex chromising in a fluidised bed reactor  
The duplex chromising furnace used in this work was a laboratory scale fluid bed with 
a 90mm diameter and 400mm depth, made from a 253-MA Cr-Ni heat resistant alloy 
(Figure 2.5).  Unlike the automated furnace used for nitrocarburising the duplex 
furnace was manually operated.  The duplex furnace had an upper purging/quenching 
chamber above the furnace which completely protected the bed media and gases from 
the external atmosphere.  The upper chamber allowed samples to be loaded onto a 
fixture and purged with argon prior to being lowered into the fluidised bed at elevated 
temperatures, protecting the bed from any ingress of air.  The duplex chromising 
furnace was also capable of supplying additional gases into the furnace compared to 
the nitrocarburising furnace, in particular hydrochloric gas (HCL) and hydrogen (H2).  
The duplex furnace also consisted of a scrubber system to dissolve any chlorides prior 
to burning off gases at the flue pilot burner.    
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Figure 2.4   Nitrocarburising Fluidised Bed Reactor. 
 
 
Figure 2.5  Duplex Chromising Fluidised Bed Reactor. 
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2.2.3 Bulk methods 
This section applies the CrN reaction mechanism to bulk materials and techniques for 
producing CrN films on AISI H13 tool steel.  In particular four different methods 
(Table 2.6) were studied as outlined below: 
Table 2.6   List of the bulk methods applied to form CrN on AISI H13 samples. 
Conformal Surface  Method 1 
Chlorinated Cr disc coupled with 
nitrocarburised AISI H13 sample 
Static/packed powder  Method 2 
CrCl2 powder coupled with 
nitrocarburised AISI H13 sample 
CrCl3 powder coupled with 
nitrocarburised H13 sample 
Chlorinated Cr powder coupled with 
nitrocarburised AISI H13 sample 
Refreshing/moving powder  
Method 3 Fluidised bed Chromising 
Method 4 Vibration Chromising 
 
2.2.3.1  Method 1:  Conformal Surface  
The first bulk method involved coupling a nitrocarburised AISI H13 sample with a 
chlorinated chromium (>99.9% purity) substrate (chromium sputter target) such that 
there is intimate contact between the faces of the two samples.  The chromium sputter 
target was essentially a high purity chromium substrate with a 25mm diameter and 
6mm thickness.  This method enables the chromium substrate, in addition to the AISI 
H13 sample, to be easily examined using XRD and GD-OES to determine any phase 
changes, or inter diffusion of elements.  The ability to characterise the chromium disc, 
before and after the coupling process, makes it possible to gain significant insight into 
the CrN reaction mechanism.  
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The high purity chromium sputter target was chlorinated in a FBR and then coupled 
with a nitrocarburised AISI H13 specimen at 570°C for 4 hours (Figure 2.6).  The 
chromium sputter target was analysed using XRD profiling after chlorination to 
determine the species formed on its surface, as well as after the coupling process with 
the nitrocarburised AISI H13 specimen.  The AISI H13 specimen was also analysed 
after the coupling process, using various techniques, to characterise the CrN surface 
layer formed.   
 
Figure 2.6   Duplex Method 1: Chlorinated Cr Disc Coupled With 
Nitrocarburised H13. 
2.2.3.1.1 Chromium sputter target chlorination in FBR 
XRD analysis of the Cr disc after the chlorination process would confirm if a solid 
chromium chloride species formed on the surface of the chromium disc and if so, 
which chromium chloride compound formed, i.e. CrCl2 or CrCl3.  
A high purity chromium sputter target (≥ 99.9% purity, from American Elements, 
Table 2.7) was used to determine which chromium chloride species is formed when 
pure chromium metal is chlorinated using hydrogen chloride gas (HCl).  The sputter 
target allowed the surface to be easily analysed using XRD profiling after the 
chlorination treatment. 
570°C HCLgas 
XRD CrClx ? 
 
GD-OES 
XRD  
SEM  
EDX 
Nitrocarburised AISI H13 
570°C 
Chlorinated Cr disc 
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Table 2.7   Cr sputter target certified analysis. 
  Analysis 
 Al C Cu Fe N Ni O S Si 
ppm 5 86 1.5 100 33 5 230 24 10 
 
The chromium sputter target was placed into a fluidised bed furnace which only 
consisted of alumina powder.  However, the sputter target was not immersed in the 
alumina bed; rather it was positioned such that it was suspended just above the 
fluidising alumina powder.  This was done to avoid any influence of contact with the 
alumina powder.  The purpose of the alumina powder was simply to uniformly mix 
the inlet gases prior reaching the sputter target.   
The furnace was heated to 570°C under an argon atmosphere.  Once the set point had 
been reached HCl gas was allowed into the fluidising stream (at 1% of the total flow) 
for a total of 5-300mins.  After chlorination the HCl was turned off and the furnace 
was cooled to room temperature under argon.  The chlorinated Cr sputter target was 
then placed into an air tight container and analysed using XRD to determine the phases 
formed on the target. 
2.2.3.1.2 Chlorinated Cr substrate coupled with a nitrocarburised AISI H13 
sample 
Once the species formed on the chromium sputter target was identified, the aim was 
to determine/confirm whether it was capable of diffusing chromium when physical 
coupled with a nitrocarburised AISI H13 tool steel sample at 570°C.   
As outlined earlier the chromium sputter target was chlorinated between 5mins and 
5hours in a fluidised bed reactor.  After cooling down to room temperature the 
chromium disc was removed and immediately coupled with a nitrocarburised AISI 
H13 sample.  The samples were clamped together using a fixture specifically made to 
ensure the surfaces of the two samples were in intimate contact.  The coupled samples 
were then placed into another fluid bed furnace pre-heated to 570°C under an argon 
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atmosphere for 4 hours.  The samples were allowed to cool to ambient temperature in 
the furnace and subsequently analysed using XRD and GD-OES.  Trials were 
completed with the substrate being chlorinated from 5mins to 300mins to determine 
the effect of chlorination time.  
2.2.3.2  Method 2:  Static/packed powder  
The second method of forming CrN surface layers on nitrocarburised AISI H13 
samples involved packing the surface of a nitrocarburised AISI H13 sample with 
chromium powder and three distinct chromium chloride powders.  The three chromium 
chloride powders used were high purity CrCl2 and CrCl3, and chlorinated Cr powder, 
formed in-situ using a FBR at 570°C.  This bulk method is similar to the static powder 
trials conducted in Chapter 3 except that in this bulk method the chromium chloride 
powders are packed on a surface of a nitrocarburised AISI H13 sample (Figure 2.7), 
which has a compound layer composed of iron nitrides.   
The thickness and uniformity of the CrN layers formed in this method, where the 
chromium chloride powders are packed and static on the surface of a nitrocarburised 
AISI H13 sample, are later compared to the other bulk methods investigated, where 
the chromium chlorides are constantly moving and refreshed on the surface of the AISI 
H13 sample. 
The nitrocarburised AISI H13 sample and chromium chloride powders were handled 
in a glove box under an inert nitrogen atmosphere.  The chromium chloride powders 
were evenly packed over the surface of the nitrocarburised AISI H13 sample, placed 
in an air tight container and transported to the tube furnace.  The sample was placed in 
the tube furnace and heated to 570°C under an argon atmosphere and held at 
temperature for 4 hours.  After the furnace had cooled to room temperature the sample 
was removed and analysed using GD-OES and XRD profiling.   
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Figure 2.7  Duplex Method 2: CrClx Coupled With Nitrocarburised AISI H13 
 
2.2.3.3  Refreshing/Moving powders. 
In the first two bulk methods the system was static, i.e. the chromium chloride powders 
and the chlorinated Cr disc were coupled with the surface of a nitrocarburised AISI 
H13 sample.  The following two methods involved moving chromium chloride 
powders, where the powders are constantly or periodically refreshed on the surface of 
a nitrocarburised AISI H13 sample.  The third method used a fluidised bed reactor, 
where fluidising of the powder provided the refreshing, while the fourth method used 
vibration to agitate the powder on the samples surface. 
2.2.3.3.1 Method 3:  Fluidised bed chromising 
The third method involved chromising in a fluidised bed reactor.  The fluidised bed 
was filled with 10% Cr metal powder, 90% Al2O3 and heated to 570°C under a nitrogen 
atmosphere.  The bed was then chlorinated with HCl for 1-5 hours at 1% of the total 
volumetric flow.  After chlorination the bed was purged for 10mins after which the 
AISI H13 sample was lowered into the bed (Figure 2.8(a)).  The AISI H13 sample was 
treated for 4 hours and then cooled in the bed to ambient temperature.   
2.2.3.3.2 Method 4:  Duplex vibratory chromising in a FBR 
As with the fluidised bed method of chromising in the previous method, the vibratory 
method uses pulsations to agitate and refresh the reactant chromium chloride species 
on the surface of the nitrocarburised AISI H13 sample.  As opposed to the fluidised 
CrClx 
Nitrocarburised AISI H13 
570°C 
GD-OES 
XRD 
SEM 
EDX 
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bed method, where the fluidisation provides the agitating and refreshing, the vibratory 
method does not require a large gas flow.  As vibrations provide the agitating and 
refreshing of the powder, only a small gas flow of argon is required to ensure an inert 
atmosphere is maintained in the system.   
The final duplex method investigated involved placing a nitrocarburised specimen into 
a packed vessel containing chlorinated Cr – Al2O3 powder (Figure 2.8(b)).  The vessel 
was placed into a FBR reactor and heated to 570°C.  At the desired temperature 
pulsations were applied via a vibratory device to the vessel containing the chlorinated 
Cr powder and specimen. 
To determine whether the vibratory method is beneficial as a chromising technique it 
was compared to the fluidised bed method in terms of layer thickness and uniformity.  
In this case, AISI H13 nitrocarburised cubes were used as samples rather than the 
coupons used in the previous methods.  Using cubes as samples would allow more 
information to be gathered and compared between the two methods.  In particular the 
uniformity of CrN on the bottom and top surfaces of the cube could be compared 
(Figure 2.8), giving an indication of the process uniformity.  
The AISI H13 cubes were cut and machined to achieve a 20mm x 20mm x 20mm 
dimension.  The cubes were surface ground, hardened, tempered and nitrocarburised 
as described in section 2.2.4 and 2.2.5.  A hole was also tapped on the top surface of 
the cubes for mounting purposes in the fluidised bed furnace and the vibratory vessel.  
A fluidised bed with 10% Cr metal powder and 90% Al2O3 powder was heated to 
570°C under an argon atmosphere.  Once at the set-point temperature HCl was added 
to the fluidising stream at 1% of the total flow (HCl flow - 0.8 l/min) for a total of 30 
mins.   After chlorination of the powder the bed was cooled to room temperature under 
an argon atmosphere.  Once at room temperature the powder was removed from the 
fluid bed furnace and placed in the vibratory vessel along with a nitrocarburised AISI 
H13 cube.  The vessel was then placed in a fluidised bed containing only Al2O3 and 
heated to 570°C.  The purpose of the fluid bed in this case was only to provide a heating 
source for the vibratory vessel.  The vibratory vessel was connected via a steel shaft to 
a moveable vibratory sieve shaker.  The shaker was used as the vibratory source.  Once 
at set-point temperature the shaker was turned on/off for various times detailed in 
Table 2.8.   This pulsing action was continued for the entire 4 hour cycle.  On 
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completion of the vibratory cycle the furnace was cooled to room temperature after 
which the samples were removed and analysed using the GD-OES. 
 
Figure 2.8   Duplex Methods 3 & 4: (a). Fluidised Bed Reactor and (b). Vibratory 
Chromising. 
Table 2.8   Vibration pulsing parameters. 
  Agitation 
  Off On 
Trial 1 5 1 
Trial 2 10 2 
Trail 3 0 240 
  
  
    
  
10% Cr 
90% Al2O3 
8 l/min Ar 
GD-OES 
XRD 
Micrograph 
SEM 
0.8 l/min HCL(g) 1 hr 
570°C 
  
  
  
    
10% Cr 
90% Al2O3 
8 l/min Ar  
GD-OES 
XRD 
Micrograph 
SEM 
0.8 l/min HCL(g) 1 hr 
570°C 
 
 Vibratory 
Device 
(a). (b). 
 61 
2.2.4  Surface characterisation 
The surface characterisation methods used to study the surface layers produced by the 
various bulk methods were optical microscopy, GD-OES, XRD profiling, SEM, and 
EDX mapping.    
2.2.4.1  Glow-Discharge Optical Emission Spectroscopy (GD-OES) 
Glow-discharge optical emission spectroscopy (GD-OES) is an analytical method used 
to measure the elemental composition of solid materials.  GD-OES has been known 
since the 1800’s, however the first depth profile analysis by glow discharge was 
published in 1973 by Greene and Whelan [94, 95].  A GD-OES rig is capable of 
measuring bulk chemical composition and quantitative depth profile (QDP) on a range 
of materials [94, 95].  In this work a LECO GDS-850A spectrometer was used for both 
bulk and QDP analysis of samples. 
A glow discharge spectrometer works by sputtering the sample surface with a stream 
of ionised argon atoms, milling material from the samples surface [94, 96].  The 
sputtered surface atoms are then excited in a low pressure plasma discharge and the 
resulting optical emission forms the atomic spectrum for the sample [96].   
A schematic of the glow-discharge analysis is shown in Figure 2.9.  The sample forms 
the cathode and a thin copper tube forms the anode (4mm diameter) [95].  The anode 
and sample are separated by a gap of approximately 0.1-0.2mm by the lamp face [95, 
96].  An O-ring and argon blanket around the anode seal and protect any ingress of air 
into the plasma region [95].  High purity argon gas is supplied at a regulated pressure 
into the anode chamber and a high voltage between the sample and anode ionises the 
argon to produce a glow-discharge [97, 98].  The argon ions uniformly mill the sample 
surface allowing the sputtered atoms from the sample to enter the plasma where they 
are excited by collisions will electrons and other argon atoms [97, 98].  The excited 
sputtered atoms enter the spectrometer chamber where they return to ground state and 
emit photons of light [96-98].  As each element has a characteristic wavelength , the 
emission lines corresponding to the specific elements and their intensities are detected 
and recorded by a series of photomultiplier tubes [96].  Through sputter-rate 
calibrations, it is possible to convert a plot of detector intensity versus time into a 
profile of elemental concentrations versus depth into the sample, known as QDP [98].  
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To calibrate the instrument for specific elements and concentration, a range of certified 
reference standards of known composition and sputter-rate were used.  The reference 
materials used to drift the instrument are shown in Table 2.9 along with their 
composition ranges.  The elements of interest in this thesis were iron, carbon, nitrogen, 
oxygen, and chromium.  The bulk and quantitative depth profiling functions were both 
used in this research to determine elemental compositions of the heat treated and 
surface treated samples.  In particular the QDP function was significant in determining 
the elemental composition of very thin layers of less than 2 microns. 
 
Figure 2.9   Schematic of GD-OES (a). lamp and (b). spectrometer. 
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Table 2.9   Certified reference material specifications used for calibrating 
elements on the GD-OES. 
Element 
Concentration range   
(wt%) Certified reference material 
    Low concentration High concentration 
Fe2 0.2-92.5 RC32-6 LCI-8 
N 0.007-6.9 Brammer/BS825B Coronite 
C 0.001-3.67 RC2-6 LCI-8 
O 32.4 C650 C650 
Cr 0.002-20.6 RA13-11 Brammer/BS825B 
Cr2 0.002-20.6 RA13-12 Brammer/BS825B 
 
2.2.4.2  Metallographic preparation 
With each surface treatment a representative cross-section of the AISI H13 samples 
was analysed using light optical microscopy examination.  A cross-section of the 
surface treated specimen was cut using a Struers precision cut-off instrument 
(Accutom) equipped with a silicon carbide blade.  The specimen was cut with a very 
slow feed rate of 0.15mm/min and a cutting speed of 2900 rpm.  As the materials and 
surface treatments involved in this research are hard and brittle, the cutting parameters 
were chosen to avoid damage to surface layer.  Once a cross-section of the material 
was cut any burs resulting from the cutting process were lightly polished off on a 
metallographic grinding wheel.  Any burs not polished off prior to mounting could 
affect the edge retention of the sample in the mount. The sectioned samples were 
ultrasonically cleaned in ethanol and dried under a heat source.  All samples were 
mounted using a hot-mounting epoxy resin which contains a high content of mineral 
and glass filler (Struers DuroFast), or a conductive bakelite resin with a carbon filler 
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(Struers PolyFast).  Both DuroFast and PolyFast assist in obtaining good edge 
retention for hard materials, which is very critical when looking at the first 2-4 microns 
of a surface.  PolyFast was only used when the sample was to be examined using SEM 
analysis, otherwise DuroFast was used.   
The metallographic polishing of the samples was performed using a Struers Tegrapol-
21 and Tegradoser-5 automatic polisher and dosing system.  The polishing process 
was performed such that any cutting damage was removed from the sample and good 
edge retention achieved.  The polishing sequence is summarised in Table 2.10.  Once 
the samples were polished with one micron abrasive diamond paste, it was 
ultrasonically cleaned with ethanol and etched for 10secs in a 3% nital etching solution 
(nitric acid : ethanol, 3:100). 
Table 2.10   Polishing sequence for metallographic preparation. 
Step 
No. 
Abrasive size 
(μm) 
Polishing 
pad 
Force 
(N) 
Duration 
(mins) 
1 15 MD-Allegro 30 30 
2 3 MD-Largo 30 20 
3 3 MD-Dac 25 10 
4 1 MD-Dac 10 10 
 
2.2.4.3  Optical microscopy 
The surface treated H13 specimens were prepared for optical microscopy as detailed 
in section 2.2.4.2.  The H13 samples were examined using bright field microscopy 
with an Olympus BX51M optical microscope equipped with an Olympus DP70 digital 
camera.  
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2.2.4.4  Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 
Spectroscopy (EDX) 
SEM analysis of surface treated samples was used to view the microstructural features 
of the surface layers produced, while EDX was used to provide elemental maps of the 
surface layers formed.  SEM and EDX analysis were performed using a Ziess Supra-
55 SEM equipped with an Oxford Instruments SDD.   All samples prior to SEM and 
EDX analysis were prepared as outlined in section 2.2.4.2 and Table 2.10 with an 
additional polishing sequence applied using a colloidal silica suspension to produce a 
scratch free surface.  The mounted samples were attached to a stub using a conductive 
carbon adhesive tape and coated with a conductive fast drying silver paint.  The 
samples were placed in a vacuum overnight to remove any impurities prior to being 
placed in the microscope chamber.  For SEM images the secondary (SE) and Angular 
Selective Backscatter (AsB) detectors were used.  The working distance of the sample 
to the EDX detector was set 14mm as recommended by Oxford Instruments for the 
specific detector used. 
2.2.4.5  X-Ray Diffraction (XRD) Profiling 
X-ray diffraction (XRD) profiling was performed using a PANalytical X’Pert PRO 
MRD diffractometer.  Samples were analysed over a 2θ range of 10° to 140° with a 
0.03 step size and a speed varying from 1 to 4 seconds per degree.  A Cu-Kα radiation 
source was used at 40kV and 30mA.  The phases on the surface of the specimens were 
determined using XRD HighscorePlus software and diffraction data from ICDD 
database to determine the phases of the resulting spectra. 
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Chapter 3 
 
A study of the Reaction between Chromium Chloride and 
Iron Nitride 
 
3.1 Scope 
As discussed in Chapter 1, it has been shown that chromium nitride (CrN) can be 
formed on steel components at temperatures below their tempering temperature.  In 
particular it was shown by Fabijanic [11], Arai [8] and Cao [21] that CrN surface layers 
can be formed on tool steels by performing a nitrogen diffusion surface treatment prior 
to a low-temperature thermo-reactive deposition and diffusion process (TRD), using 
either a salt bath or a fluidised bed reactor.  In the fluidised bed method, the media 
consisted of aluminium oxide, chromium powder, nitrogen (carrier gas) and hydrogen 
chloride gas [11].  Whilst in the salt bath method the process consisted of BaCl2, CaCl2, 
NaCl2, CrCl3 and Cr-Fe powders [21].  In the fluidised bed processes it has been 
suspected that CrCl2(g) is the active species evolved when the various reagents react at 
the working temperature, while CrCl2 in-solution is assumed to be the active agent in 
the salt bath method [11, 21].  Subsequently, it is believed that the CrCl2 species 
evolved reacts with iron nitride surfaces to allow CrN formation.  Thermochemical 
analysis of phase equilibrium using Gibbs free energy minimisation suggests that low-
temperature chromising TRD in a fluidised bed would involve a solid chromium 
chloride phase rather than gaseous phase.  That is, a solid-state reaction may be 
occurring between chromium chloride and iron nitride to form CrN.  
It was also discussed in Chapter 1, that CrN could be formed by a solid-state metathesis 
reaction (SSM).  The SSM reaction shown by Aguas [24] involved various 
combinations of chromium chlorides, magnesium chloride, chromium oxide, 
magnesium nitride, calcium nitride and lithium nitride to form CrN and Cr2N.  The 
solid-state metathesis reactions were initiated at temperatures between 350-550°C.  In 
certain combinations of the reagents used to perform the metathesis reactions a thermal 
flash was observed, resulting in a self-propagating and exothermic reaction [24].  The 
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SSM reaction involving CrCl2 with Mg3N2 and MgCl2 between 350-500°C produced 
single phase CrN with no thermal flash, producing a fused black-grey solid upon 
ignition [24].  The solid-state metathesis route to form CrN raise the question of 
whether it is possible to form CrN using iron nitrides as opposed to alkaline nitrides 
as presented in the literature.   
The work in this chapter investigates the solid-state reaction between chromium 
chloride species (CrCl2 and CrCl3) and iron nitrides.  Of most interest is the 
development of CrN by this reaction.  A systematic study is presented examining the 
effect of reagent (CrCl2, CrCl3, pure or synthesised), reagent ratio, reaction 
temperature and reaction time.  The product powders from these reactions were 
characterised by X-ray diffraction and SEM/EDX.  The thermal and mass changes 
occurring during the reaction were assessed by TGA/DSC.  Finally, a complex reaction 
mechanism for CrN formation is proposed.  The specific details of the experimental 
methods and techniques relevant to the work in this chapter can be referred to in 
Chapter 2.     
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3.2  Results and Discussion 
3.2.1 Phase Analysis 
This section presents and describes the various phases observed by XRD analysis 
resulting from the powder reaction trials.  The phases observed resulting from the 
different synthesis parameters are compared and discussed.  Note that XRD analysis 
was performed on the product powder from all three repeat trials of each experimental 
condition.  The spectra presented are representative of the results of that condition.  
Rietveld analysis was performed on each of the diffraction spectra providing 
quantitative analysis of the phases formed in each trial, and is contained in the General 
Discussion section.   
3.2.1.1  Reagent phases 
To ensure experimental integrity, it was first necessary to confirm the phases of the 
reagents.  Thus, prior to conducting the solid-state experiments the reagents phases 
were determined using XRD analysis.  The XRD spectra of CrCl2, CrCl3 are shown in 
Figure 3.1(a) and (b) respectively, while the spectra of Fe2-4N is shown in Figure 
3.1(c). 
The XRD spectra of the high purity CrCl2 powder showed that CrCl2 (Figure 3.1a) was 
the dominant phase with minor peaks of chromium chloride hydrate (CrCl2(H2O)2) 
also detected.  CrCl2 is a hygroscopic and deliquescent inorganic material [99] 
extremely sensitive to moisture in air.  Given the as-received product is anhydrous, the 
detection of CrCl2(H2O)2 is likely due to the exposure time (~1 h) of the CrCl2 to the 
atmosphere during the analysis.  For this reason, the exposure of the reagent powders 
to a moisture containing atmosphere was minimised prior to the reaction trials by the 
procedure outlined in Section 2.1.3. In contrast, the XRD analysis of the supplied 
CrCl3 flakes indicated the presence of CrCl3 compound only (Figure 3.1b). This is 
expected as chromic chloride is not a hygroscopic substance.      
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(a).  
(b).  
(c).  
Figure 3.1 XRD spectra of (a). CrCl2 (b). CrCl3 (c). Fe2-4N. 
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XRD analysis of the iron nitride (Fe2-4N) powder revealed that Fe4N was the dominant 
phase and minor peaks for Fe3N were detected (Figure 3.1c).  According to the Fe-N 
phase diagram γ’-(Fe4N) has a narrow composition range (6-7 wt.%) while ε-(Fe2-3N) 
has a wide composition range (7-14 wt.%).  Controlling a synthesis process to only 
form γ’ is difficult based on the narrow solubility range of nitrogen in Fe4N, hence the 
powder being composed of a mixture of Fe4N and Fe3N [100].  In most nitriding or 
nitrocarburising surface treatments it is also common for the white layer to be 
composed of both γ’-(Fe4N) and ε-(Fe2-3N) [46, 48, 101].  However, the purpose of the 
iron nitrides in this work is to act as a supply of nitrogen to allow CrN formation with 
the chromium chloride powders.  In this regard, either Fe4N or Fe3N are capable of 
supplying the required nitrogen, although it should be noted the thermodynamic 
driving force for the decomposition of ε is greater than γ’ [8, 22].   
XRD spectra for the synthesised powders are shown in Figure 3.2a-c.  The 
nitrocarburised iron powder consisted of Fe, Fe3N and Fe4N (Figure 3.2a).  Figure 
3.2(b) and (c) show the spectra for electrolytic chromium before and after chlorination, 
respectively.  Clearly the electrolytic chromium contains no other phase and that solid 
CrCl2 is formed on the chromium powder, presumably as a surface film.  This is an 
important finding and correlates with thermochemical predictions (Figure 1.1 in 
Chapter 1).  As chlorinated chromium powder is reacted with nitrocarburised iron 
powder in this work, it is necessary to know the reactant phase. 
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(a).                                  
(b).                                
(c).  
Figure 3.2 XRD spectra of (a). nitrocarburised Fe powder (b). Electrolytic Cr 
powder (c). Chlorinated Cr powder 
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3.2.1.2  Cr – Fe2-4N reaction product phases 
Control experiments were conducted heating a mixture of electrolytic Cr and Fe2-4N 
powder at 450, 570 and 700°C for 9 hours.  The XRD spectra (Figure 3.3(a)-(c)) of the 
product powders exhibited no evidence of CrN formation.  In all the control 
experiments the main spectra detected was Cr and Fe, while at 450°C a significant 
amount of Fe4N was observed, indicating slower thermal decomposition of the reagent 
Fe2-4N powder, while at 570°C the reagent iron nitride powder was shown to be almost 
entirely decomposed with only a small Fe3N peak observed.  At 700°C the only spectra 
detected of the product powder was Fe and Cr, confirming no reaction to occur 
between Fe2-4N and Cr, while also showing that the iron nitride powder completely 
thermally decomposed to Fe.   
The formation of chromium nitride by the reaction between chromium metal and iron 
nitride is not thermodynamically favourable under the conditions tested.  The iron peak 
in the spectra is related to the thermal decomposition of the Fe2-4N compound and not 
by any reaction mechanism.  It is known that iron nitride decomposes at elevated 
temperatures (>450qC), liberating nitrogen as a gas [102, 103].  To confirm the thermal 
decomposition properties of the reagent iron nitride powder (Fe2-4N) DSC and TG 
analysis were also performed (details can be found in section 2.1.4.5). 
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Figure 3.3 XRD spectra of the product powder from the reaction between 
electrolytic Cr and Fe2-4N at (a). 450 (b). 570 and (c). 700qC for 9 h. 
3.2.1.3  CrClx – Fe2-4N reaction product phases  
Figure 3.4 shows the XRD spectra of the product powder from the reaction between 
CrCl2 with Fe2-4N for 9 hours at 450, 570 and 700°C.  At 450°C the product powder 
was composed predominantly of iron nitrides (Fe3-4N), and smaller amounts of 
chromium chloride hydrate CrCl2(H2O)2 and chromium chloride (CrCl2).  Thus, the 
precursor reagents, Fe2-4N and CrCl2, were unreacted at 450°C, and the iron nitride 
compound had not thermally decomposed at this temperature. The presence of 
chromium chloride hydrate in the synthesised powder was most likely formed upon 
exposing the unreacted CrCl2 powder to air after synthesis.   The absence of chromium 
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nitride in the product powder at 450qC is in contrast to the results by Aguas et al. [24], 
where chromium nitride powder was formed at 450qC by the solid-state reaction 
between alkali metal nitrides and chromic and chromus chlorides. 
Increasing the reaction temperature to 570°C had a significant effect on the phases 
formed.  The XRD spectra (Figure 3.4b) indicates that the main phases formed by the 
reaction between CrCl2 and Fe2-4N at 570qC for 9 h are Fe and CrN.  Minor peaks were 
also detected for Fe4N and FeCl2(H2O)2.  The detection of CrN in this trial, together 
with the result of the control experiment, confirms that chromium chloride is required 
to react with iron nitride to form chromium nitride.  The absence of peaks for CrCl2 
and the presence of very minor peaks for Fe4N indicate that a solid-state reaction 
between the reagents occurred during synthesis.   
The presence of iron in the product powder can be explained by the decomposition of 
iron nitride.  However, in contrast to the control experiment where the iron nitride 
exhibits complete decomposition, in this trial there was small quantities of residual 
Fe4N.  The detection of Fe and Fe4N and the absence of Fe3N can be explained by the 
thermodynamic driving force for the decomposition of iron nitride phases, which 
occurs sequentially;  ε-Fe2-3N→γ’-Fe4N→α-Fe [22].  It appears that the formation of 
CrN has allowed the iron nitride phases to decompose at a slower rate.  This is 
discussed further in Section 3.2.2 where the core-shell nature of the synthesised 
powders is addressed.   Figure 3.4b revealed minor peaks for iron chloride hydrate - 
FeCl2(H2O)2. FeCl2 is a hygroscopic and deliquescent inorganic material and will 
readily absorb moisture in air to form a hydrate [99, 104].  Therefore, it is possible that 
FeCl2 formed during the synthesis, however, upon exposing the powder to air after the 
synthesis the hydrate FeCl2(H2O)2 formed.    
A further increase in temperature (700qC, 9 h) of the reaction between CrCl2 and Fe2-
4N yielded additional phase changes (see XRD spectra Figure 3.4c).  Fe and CrN were 
the only phases detected at this elevated temperature synthesis.  The absence of Fe2-4N 
may be explained by the complete thermal decomposition of these phases.  The 
absence of FeCl2(H2O)2 in this product powder may indicate that this compound is a 
volatile at this temperature, which is discussed further in the General Discussion 
section of this Chapter.     
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Figure 3.5 shows the XRD spectra resulting from the reaction between Fe2-4N and 
CrCl2, at 570°C for 1, 9 and 24 hours.  At all synthesis times the major phases are Fe, 
CrN and FeCl2(H2O)2.  The key distinction between the spectra at the various synthesis 
times is the gradual loss of peaks for Fe4N with increasing time.     
The phases evolved by the reaction between CrCl3 and Fe2-4N at various temperatures 
(Figure 3.6) is similar to those produced using a CrCl2 reagent, however, there are 
subtle distinctions.  As for the CrCl2 reagent, CrN was not formed by the reaction 
between CrCl3 and Fe2-4N at 450qC for 9 h (Fig. 3.8a).   Therefore, it is clear that 
forming CrN by solid-state reactions at 450°C using either CrCl2 or CrCl3 with Fe2-4N 
is not feasible and can only be achieved using alkali nitrides as was demonstrated by 
Aguas [24].  In contrast to the product powder using the CrCl2 reagent there was an 
absence of remnant chromium chlorides and chromium chloride hydrates using CrCl3. 
However, very intense diffraction peaks of iron chloride hydrate (FeCl2(H2O)2) were 
observed which were not seen in the reaction between CrCl2 and Fe2-4N at 450qC.  It 
appears the iron nitride reduced the CrCl3 reagent into a pure metal phase.   
The spectra of the product powder from the reaction between CrCl3 and Fe2-4N at 
570qC and 700qC for 9h are remarkably similar to those produced by the CrCl2 reagent 
under the same synthesis conditions.  A subtle difference is noted for longer synthesis 
times (24h) between the CrCl3 and Fe2-4N reagents with remnant Fe4N observed.  This 
suggests that the solid-state reaction between CrCl3 and Fe2-4N proceeds with slower 
kinetics as opposed to using CrCl2 as the chromium source.   
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Figure 3.4 XRD spectra of product powder from the reaction between CrCl2-Fe2-
4N for 9 hrs. at a) 450, b) 570 and c) 700°C. 
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Figure 3.5 XRD spectra of product powder from the reaction between CrCl2-Fe2-
4N at 570°C for 1, 9 and 24 hrs. 
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Figure 3.6 XRD spectra of product powder from the reaction between CrCl3-Fe2-
4N for 9 hrs. at a) 450, b) 570 and c) 700°C. 
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 Figure 3.7 XRD spectra of product powder from the reaction between CrCl3-Fe2-
4N at 570°C for 1, 9 and 24 hrs. 
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Figure 3.8 shows the XRD spectra resulting from the solid-state synthesis between 
CrCl3 and Fe2-4N at 570°C for 24 hours where the ratio CrCl3 to Fe2-4N was 3:1.  The 
same phases were detected as for the reaction between these reagents at a 1:1 ratio, 
however FeCl2(H2O)2 is the main phase detected followed by CrN, Fe and FeCl2..  
When the ratio of the reagent Fe2-4N powder was greater than the CrCl3 powder (1:3) 
CrN was also detected (Figure 3.8).  However, the large Fe4N peak in the XRD spectra 
indicates that increasing the amount of Fe2-4N does not lead to faster CrN growth.  The 
XRD spectra for the product powder from the solid-state synthesis trial between CrCl3 
and Fe2-4N where the powders were ball milled for 24 hours (1:1 ratio) prior to 
synthesis is shown in Figure 3.10.  The aim of the ball milling was produce very fine 
powders with the subsequent aim of producing more CrN growth due to greater surface 
contact area between the reagents after milling.  Again the same phases have been 
developed, however, there was a repeatable  presence of Cr2O3 from the ingress of air 
into the jar, or induced reactions from the ball milling process, or both [105].   
The final experiment involved the reaction between synthesised reagents.  Chlorinated 
electrolytic chromium was mixed in a 1:1 ratio with nitrocarburised iron and heated to 
570qC for 9h.  The XRD analysis of the product powder (Figure 3.11c) consisted of 
intense peaks for Fe, Fe4N, CrN and FeCl2, and minor peaks for CrN.  The chlorinated 
electrolytic chromium powder is likely to be composed of a thin CrCl2 shell.  Thus, 
the quantity of reagent available for reaction with Fe2-4N is limited, perhaps accounting 
for the minor CrN peak.   
In the General Discussion section of this Chapter Rietveld quantitative analysis of all 
XRD spectra is presented to allow the effect of process parameters to be determined.   
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Figure 3.8   XRD spectra of CrCl3 – Fe2-4N (3:1 ratio) at 570°C for 24 hours. 
 
Figure 3.9   XRD spectra of CrCl3 – Fe2-4N (1:3 ratio) at 570°C for 24 hours. 
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Figure 3.10  XRD spectra of synthesised CrCl3 with Fe2-4N (ball milled prior to 
synthesis).
Figure 3.11  XRD spectra of product powder from the reaction between 
chlorinated electrolytic Cr and nitrocarburised Fe, 570°C for 9h. 
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3.2.2 Microstructural and EDX Analysis 
This section focuses on microstructural and Energy Dispersion X-ray analysis of the 
synthesised powders from the solid-state experiments.  The microstructures of the 
synthesised powders and elements detected by EDX are presented and findings 
relating to the synthesis experiments discussed.   
Samples of the product powder were prepared as outlined in Section 2.1.4 to provide 
cross-section scanning election microscope images of the powder and to understand 
the distribution of elements and phases.  It was shown in the previous section that the 
product powder consisted of numerous phases, including hydroscopic and 
deliquescent compounds (FeCl2 and CrCl2).  During metallographic preparation these 
phases were removed from the resin mounting and the images produced are of the 
remaining phases.   
The resulting product powder structures were unexpected.  Given the fine size of the 
input powder (~5μm) it was anticipated that complete CrN particles would form.  
Aguas et al. [24] using the same experimental technique of thermally activating 
mechanically ground powders of similar size reported the complete formation of CrN 
powder.  The distinction is that [24] used alkali metal nitrides in the reaction with 
CrCl2-3 powdered reagents, and this reaction was highly exothermic producing a 
combustion synthesis, thus increasing the kinetics of the reaction.  The reaction energy 
of the present study is discussed in Section 3.2.3, but briefly an exothermic reaction 
appears not to have occurred.   
In contrast to the synthesis of pure CrN powders, this work produced interesting core-
shell structures.  An example of a core-shell structure is shown in the cross-sectional 
SEM image in Figure 3.12a resulting from the reaction between a mixture of CrCl2 
and Fe2-4N powders at 570qC for 9 h.  Also shown are the corresponding EDX 
composition maps for chromium, iron and nitrogen.  It is clear that the shell layer is 
highly enriched in nitrogen and chromium, while the core is iron-rich.   A 
compositional line scan was performed across the core-shell structure as indicated in 
Figure 3.12a.  The resulting atomic percent-depth profile is shown in Figure 3.12b.  
This quantitative analysis reveals the shell component of the structure to be composed 
of 50 at% Cr and 50 at% nitrogen; that is, CrN.  This correlates to the XRD analyses 
where the CrN phase was detected (Figure 3.4(b)).  It is certain that this core-shell 
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structure is a product of a former Fe2-4N particle.  The line scan also reveals that at the 
centre of the particle Fe is the dominant element, while there is some nitrogen-
enrichment adjacent to the shell layer.  This also corresponds to the XRD analysis 
where remnant Fe4N and Fe3N were detected and a prominent peak for Fe was 
revealed. 
The shell layer appears more compact in the inner region and fragmented in the outer.  
It is difficult to be certain if the growth of the CrN layer is inwards or outward, or both 
simultaneously. It is interesting to note that the shell is quite uniform and continuous 
around the former Fe2-4N particle.  Accepting that the synthesis of CrN is the product 
of a solid-state reaction, this must imply that the contact between the CrCl2 powder 
and the Fe2-4N powder is quite conformal, and that there is a series of diffusional events 
that need to occur.  The reaction sequence to produce this structure and composition 
is complex and a mechanism is proposed in the General Discussion (Section 3.3). 
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Figure 3.12  (a). EDX elemental maps of product powder from CrCl2 – Fe2-4N at 
570°C for 9 hours, and (b) corresponding EDX line scan. 
The Figures 3.13 and 3.14 show SEM and EDX images of the developed structures in 
the product powder resulting from the reaction at various temperatures between Fe2-
4N and CrCl2 and CrCl3, respectively.  Additionally, Figures 3.15 and 3.16 show the 
isothermal development of structures in the product powder for CrCl2 and CrCl3, 
respectively.  Note that the EDX images have been brightness and contrast adjusted, 
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but uniformly for all images. As such, the relative intensities may be compared.   It 
can be stated that both chromus and chromic chloride reagents reacting with iron 
nitride produced core-shell structures.  Additionally, core-shell structures were formed 
under all conditions of temperature and synthesis time. It is interesting to note that at 
the low synthesis temperature (450qC)  there is limited but clear chromium-enrichment 
at the surface of the iron nitride particle for both chromium chloride reagents (Figures 
3.15a and 3.16a).  Although the enrichment was not sufficient to detect CrN by XRD 
(Figure 3.4 and 3.6), the reaction appears to commence at 450qC.  Further increases in 
temperature resulted in an increased enrichment of the surface region in chromium and 
nitrogen.  Shell layers produced at 570qC had an approximate thickness of 1.5 μm, and 
there was not strong evidence of shell layer thickening by increasing the reaction 
temperature above 570qC.  
For both of the chromium chloride reagents the reaction with iron nitride at 570qC had 
occurred by 1 h of synthesis time, with a clear chromium and nitrogen-rich shell 
formed.  As with temperature there was not a strong relationship between increased 
time and increased layer thickness.  This reasoning for the relative stability of layer 
thickness with time and temperature will be discussed further in the General 
Discussion section.   
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Figure 3.13 EDX elemental maps of the product powder from CrCl2 – Fe2-4N 
reacted at  a)  450°C b) 570°C and c) 700°C. 
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Figure 3.14 EDX elemental maps of CrCl3 – Fe2-4N synthesised at (a). 450°C (b). 
570°C and (c).700°C.
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Figure 3.15 EDX elemental maps of CrCl2 – Fe2-4N synthesised at 570°C for 
 (a). 1 hour (b). 9 hours, and (c). 24 hours. 
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Figure 3.16 EDX elemental maps of CrCl3 – Fe2-4N synthesised at 570°C for 
 (a). 1 hour (b). 9 hours, and (c). 24 hours. 
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There was no observable effects on the product powder structure by planetary ball 
milling a mixture of CrCl3 and Fe2-4N prior to reaction at 570qC for 24h, relative to 
mortar and pestle mixed powder reacted under the same conditions.  The expectation 
was that the finer powders would create increased conformal contact and greater 
quantities of CrN.  However, similar core-shell structures were formed and hence are 
not presented here.  Similarly the reaction experiment involving a 3:1 ratio of CrCl3 to 
Fe2-4N and heating at 570qC for 24h produced core-shell structures and are not 
presented here.   
There appears the development of sub-micron CrN particles with increase in reaction 
time or temperature.  Figure 3.17 shows a cluster of CrN particles formed by the 
reaction between CrCl3 and Fe2-4N at 570qC for 24h.  It should be noted that Fe is also 
present in these particles.  Similar clusters were formed for the higher reagent ratio 
mix and ball milled trial, all involving a 24h reaction time.  The 700qC reactions also 
appear to produce a less dense shell and some evidence of fine CrN clusters.  The 
mechanism for this fine clustering is unknown.  This aspect was not investigated 
further, though it could be an avenue for fine CrN production at low temperatures.  
Unlike the images showing a CrN film around an Fe core, these images show clusters 
that are almost completely composed of CrN with only very small amounts of Fe 
present in that region.      
The motivation for the work by Aguas et al. [24] into metal nitride synthesis, at low 
temperatures by solid state metathesis, was to produce CrN powder at lower 
temperatures for later consolidation.  Forming refractory CrN with high crystallinity 
by synthesis routes in the past was difficult due to temperatures exceeding the 
decomposition temperature of CrN (1080°C) [24, 25].  As traditional synthesis 
temperatures exceeded ~1300°C, CrN would decompose at these temperatures leaving 
Cr, and to lesser amounts Cr2N [24, 25].  Thus, Aguas [24] and more recently 
O’loughlin [25] were able to reduce synthesis reaction temperatures, either by 
increasing pressure or by adding certain reagents to soak up some of the reaction 
energy.   
This present work where chromium chlorides are reacted with iron nitride may be 
extended to create CrN particles as opposed to the metathesis routes.  For example, 
processing at 700qC appears to produce sub-micron CrN clusters and from the XRD 
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analysis the product powder is free from remnant chlorides of iron and chromium 
chlorides.  Thus is may be possible to produce fine scale CrN particles by this synthesis 
route.     
 
Figure 3.17 EDX elemental maps showing CrN clusters of CrCl3 – Fe2-4N. 
 
Finally the developed structures produced from the reaction between chlorinated 
electrolytic chromium powder and nitrocarburised iron powder at 570qC for 9h is 
presented in Figure 3.18(a).  As revealed by XRD analysis the chlorination process of 
the chromium powder produces solid CrCl2 on the surface of the powder, and the 
nitrocarburising of the iron powder produced J’-Fe4N and H-Fe3N phases.  Therefore, 
this powder mixture is analogous to mixing pure CrCl2 and pure Fe2-4N.  Again an 
iron-rich core and chromium- and nitrogen-rich shell structure has formed on a 
nitrocarburised iron particle.  As these iron particles were nitrocarburised for a long 
period to ensure complete nitrogen diffusion, an excess of nitrogen in the compound 
layer formed significant porosity (Figure 3.18b). The porosity seen in the core of the 
product powder is the retained porosity from the nitrocarburising process.  The 
thickness of the CrN layer was up to 10μm in some regions, which may have been 
assisted by the porous structure of the nitrocarburised powder.   
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Figure 3.18 (a).  EDX composition maps from the reaction of activated Cr powder 
with nitrocarburised Fe powder reacted at 570°C for 9 hrs. (b). 
Nitrocarburised Fe powder (570°C for 15hrs). 
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3.2.3 DSC/TG Analysis 
Prior to conducting the DSC/TG analysis a baseline correction was performed.  A 
baseline correction is typically applied to overcome buoyancy effects which often give 
a false increase in mass at the beginning of an analysis.  As TG analysis involves 
measuring the mass loss of materials as a function of temperature and time, a baseline 
is necessary for optimum mass loss sensitivity.  The unstable baseline effects can be 
removed from the sample data by performing a baseline correction.  This was achieved 
by running an empty crucible under the same conditions as the sample and then 
subtracting the baseline from the sample data.  Note: a baseline correction was applied 
to all the DSC/TG data shown in Figure 3.19 except for the analysis involving CrCl3 
powder. 
The TGA plot (Figure 3.19(a)) shows the Fe2-4N powder to begin thermally 
decomposing at approximately 525°C and rapidly decompose at 670°C.  As was shown 
earlier with the XRD spectra of the control experiments (Figure 3.5), involving Cr and 
Fe2-4N powder, the iron nitride powder only slightly decomposed at 450°C, while at 
570°C it was virtually entirely decomposed, and at 700°C completely decomposed to 
Fe.     
The thermal stability of the various iron nitrides has been studied in the past by Chatbi 
[106] which can be related to the DSC/TG curves of the Fe2-4N powder seen in Figure 
3.21.  Chatbi [106] examined the release of nitrogen from various iron nitrides by the 
thermal desorption spectrometry.  It was shown that with ε-Fe2-3N a release of nitrogen 
occurs at about 500°C, which corresponds to the transformation in γ’-Fe4N, followed 
by a second release of nitrogen at 650°C corresponding to the transformation of γ’- 
Fe4N to α-Fe [106].  The rapid mass loss beginning at ~525°C and the endothermic 
peak at 670°C (Figure 3.21) are likely due to the thermal decomposition of the iron 
nitrides, accompanied with a release of nitrogen, as described by Chatbi [106].  It was 
shown earlier by XRD analysis that the Fe2-4N powder used in this work was 
predominantly composed of Fe4N and smaller amounts of Fe3N.  Based on the 
desorption spectroscopy of iron nitrides by [106] it plausible that the Fe3N transformed 
in Fe4N at 525°C, and at 670°C the Fe4N transformed to Fe.  Thus, the TGA curve of 
the Fe2-4N powder supports the Fe4N peaks seen in the control experiment conducted 
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at 450°C, and the rapid decomposition of the iron nitrides to Fe at temperatures above 
550°C. 
The TGA and DSC curves (Figures 3.19(a) and (b)) of the chromium chloride reagents, 
CrCl2 and CrCl3, both show endothermic reactions and associated mass loss to occur 
between 150-200°C.  The rate of mass loss between 150-200°C was approximately 
0.015mg/°C.  As the CrCl2 and CrCl3 powders were heated from 200°C to ~350°C the 
rate of mass loss was significantly less (0.001mg/°C), while the rate of mass loss 
slightly increased from 350°C to 700°C to 0.002mg/°C.  Considering that the melting 
and boiling points for CrCl2 is 824°C and 1120°C respectively, and for CrCl3 1152°C 
and 1300°C respectively, the endothermic peaks observed at ~200°C on the DSC curve 
were unexpected.  Based on the melting points of the chromium chloride reagents, it 
was expected that there would be no mass loss, or thermal events, occurring upon 
heating to 700°C.  However, the DSC/TG runs did show mass loss beyond 150°C while 
also leaving a violet stain on the inside of the crucibles, indicating the possibility of 
some volatilisation occurring during heat up.    
The TGA plot (Figure 3.19(a)) of a 1:1 reagent mixture of CrCl2-Fe2-4N when heated 
to 700°C was characteristically similar to the CrCl2 TGA curve up to 200°C.  However, 
as the reagent mixture was heated beyond 200°C, and up to 700°C, the rate of mass 
loss was significantly less with only a slight decrease in mass observed from 200-
525°C.  At approximately 525°C the rate of mass loss increased slightly, at the same 
point where the TG of the Fe2-4N powder began to decompose rapidly.  The 
endothermic peak observed with Fe2-4N powder DSC curve was again seen with the 
CrCl2-Fe2-4N reagent mixture.  
Despite the Fe2-4N powder rapidly decomposing beyond 525°C the reagent mixture of 
CrCl2-Fe2-4N did not exhibit the same effect.  The slower mass loss of the reagent 
mixture compared to the Fe2-4N powder can be explained by the CrN film forming 
around the Fe2-4N powders, consequently providing a barrier and reducing the rate of 
nitrogen desorption.  Thus, the reagent mixture followed a similar mass loss rate to the 
CrCl2 powder up to 200°C, and from 200-700°C the rate of mass loss was minimal 
when compared to the TGA of the individual reagents.  The overall mass loss of the 
CrCl2 and Fe2-4N powders was ~5%, while the mass loss of the reagent mixture of 
CrCl2-Fe2-4N was ~3%.       
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The DSC/TG analysis of the CrCl3 reagent powder was characteristically similar to 
that seen with the CrCl2 reagent powder, while the analysis of the 1:1 reagent mixture 
of CrCl3-Fe2-4N was characteristically similar to the CrCl2-Fe2-4N reagent mixture.  
The TG curve of the CrCl3-Fe2-4N mixture shows about a 1% mass gain from 300-
500°C.  However, it’s unclear whether this mass gain is characteristic of a reaction 
occurring or as a result of sensitivity factors, most likely due to the later. 
During the DSC/TG of the reagent mixtures a condensate was formed on the inside of 
the TGA/DSC chamber, indicating a species is being removed from the system.  This 
aspect is discussed further in the General Discussion. 
Other than a small endothermic peak in the thermal profile at 200°C for CrCl2, CrCl3 
and the reagent mixtures, overall there were no significant thermal events during the 
heating of CrCl2 and CrCl3 powder mixed with Fe2-4N powder.  It is apparent the 
reaction is not a self-sustaining exothermic reaction described by Aguas [24] for the 
synthesis of CrN by the reaction between alkali metal nitrides and chromium chlorides.  
Further, a thermocouple placed in the powder during synthesis did not reveal a thermal 
“flash” as described in [24] using the same experimental technique. 
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Figure 3.19   a) TG and b) DSC analysis of (i). CrCl2 (ii). CrCl3 (iii). Fe2-4N, CrCl2-
Fe2-4N and (iv). CrCl3-Fe2-4N. 
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3.3 General Discussion  
To study the low-temperature synthesis of CrN by solid-state reactions a systematic 
study has been conducted into the reaction between chromium chlorides and iron 
nitride.  The reaction appears quite complex and the following section discusses the 
interactions and possible reaction mechanisms. 
Rietveld analysis was applied to all XRD spectra produced to provide a quantitative 
view of the effect of reaction process parameters on the phases developed in the 
product powder.  Table 3.1 summaries the phases detected along with quantitative data 
on the amount of each phase identified in the product powders.  Firstly, it should be 
noted the high repeatability of testing as indicated by the small standard deviation 
values.   
The control experiment between electrolytic chromium and iron nitride at 570qC for 
9h did not evolve CrN and the product powder consisted of near equal proportions of 
Fe and Cr.  Here the presence of Fe is derived from the complete decomposition of the 
Fe-2-3N iron nitride compound.  In contrast, under the same synthesis conditions, the 
product powder from the reaction between Fe2-4N and CrCl2 and CrCl3 contained 28% 
and 25% CrN compound, respectively.  Therefore, to synthesise CrN at temperatures 
at or below 570qC the chromium species in a reaction with Fe2-4N is required to be in 
a chlorinated form.    
The reaction between the chlorinated electrolytic chromium powder and 
nitrocarburised iron powder at 570qC for 9h produced CrN, however in low quantity 
(7%) relative to the all other synthesis trials.  This is likely to be related to the quantity 
of reagent phases.  It was shown by XRD analysis that chromium thermally reacted in 
the presence of hydrogen chloride gas produces the CrCl2 phase.  Due to the 
hygroscopic nature of this phase it was not possible to prepare cross-sectional 
SEM/EDX images of this chlorinated chromium powder.  However, it is likely that 
only a thin film of CrCl2 formed on this powder.  Therefore, relative to the pure reagent 
trials, there was a limited quantity of regent available for CrN synthesis.  However, the 
successful formation of CrN by the reaction between synthesised powders is of 
significance as various methods to form CrN films on bulk materials using synthesised 
powders are explored in the next Chapter.    
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The reaction is dependent on temperature.  At 450qC neither chromium chloride 
reagent formed CrN in reaction with iron nitride, however, EDX analysis revealed the 
initiation of chromium enrichment on the iron nitride particle surface.  Further work is 
required to establish the lower CrN synthesis temperature. Increasing the reaction 
temperature above 570qC had no effect on the quantity of CrN produced.  For example, 
increasing the reaction temperature to 700qC resulted in a product powder consisting 
of a CrN content of 28% and 23% when Fe2-4N was mixed with CrCl2 and CrCl3 
respectively.  The reaction had progressed substantially by 1h of reaction time for both 
chromium chloride reagents mixed with Fe2-4N, producing 22% and 17% of CrN in 
the product powder for CrCl2-Fe2-4N and CrCl3-Fe2-4N, respectively.  An increase in 
the quantity of CrN occurred for longer time (9h); however extending the synthesis 
period to 24h had no effect on the quantity of CrN produced.    
It is likely this increase in CrN concentration with isothermal (570qC) synthesis time 
is related to the decomposition behaviour of the Fe2-4N nitride.  XRD analysis of the 
Fe2-4N powder prior to synthesis trials showed that it consisted of Fe4N and Fe3N, with 
Fe4N being the dominant phase.  After reaction with CrCl2 at 450qC for 9h the Fe2-4N 
reagent again consisted of Fe4N and Fe3N in approximately the same proportions (37% 
and 20%, respectively).  Thus the Fe2-4N has not decomposed at this temperature, and 
the high quantity of remnant chromium chloride (22%) and chromium chloride hydrate 
(20%) confirm that no reaction occurred.  In regards to the CrCl2-Fe2-4N mixture, an 
increase in the synthesis temperature to 570qC resulted in the decomposition of the 
Fe3N phase into Fe4N, and the quantity of Fe4N reduced sharply to 7% decomposing 
to Fe.  An in increase in reaction time to 24h resulted in a further reduction (3%) in the 
quantity of Fe4N unreacted. A similar Fe2-4N decomposition behaviour over time was 
observed in reaction with the CrCl3 reagent, though with slightly reduced 
decomposition kinetics for reasons unknown.    
The other product powder phase of significance is FeCl2 (and the related hydrated 
phase).  For the CrCl2 reagent the formation of this phase occurred at 570qC composing 
27% of the product powder at 9h of synthesis time, and the quantity produced at this 
reaction temperature was consistent for all synthesis times. Increasing the reaction 
temperature resulted in the complete absence of FeCl2.  The same trend of FeCl2 
reduction with temperature was seen for the CrCl3 reagent, although much more 
pronounced given the unexpected reaction with Fe2-4N at 450qC to produce 60% 
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FeCl2(H2O)2 and 16%Cr metal powder.  The interrelated nature of phase development 
is addressed later when the CrN formation mechanism is discussed.  
Table 3.1 Rietveld quantitative phase analysis. 
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At this point it is pertinent to compare the experimentally produced phases with 
predicted phases.  While some of the phases developed by the various synthesis trials 
match those with equilibrium calculations, using thermochemistry software (HSC 
Chemistry), other phases such FeCl2(g) require further investigation.  Figure 3.20 
shows phase equilibrium when a 1:1 input ratio of CrCl2 and Fe4N is reacted over 
various temperatures.  As found in the XRD analysis of the product powder of the 
experimental trials, a reaction between CrCl2 and Fe4N is predicted, resulting in the 
decomposition of iron nitride to form Fe and the evolution of FeCl2 as a reaction 
product.  Similarly the reaction between a 1:1 input ratio of CrCl3 and Fe4N is predicted 
to form these phases by equilibrium calculations (Figure 3.21).  However, equilibrium 
calculations do not account for kinetics and so there are some departures between the 
theoretical and experiment phase development.  For example, CrN is predicted to form 
at very low temperatures by free energy minimisation, but as seen in the experimental 
work is not formed due to slow kinetics.  Further, the CrCl3 reagent in a reaction with 
Fe2-4N is predicted to form CrCl2, which was not experimentally verified.  
Experimentally this reaction also yielded pure chromium at 450qC, which was not 
theoretically predicted.  It appears the reaction between the chromium chloride species 
and iron nitrides is more complex than can be predicted by a free energy database.  The 
main omission from the thermochemical calculations is the development of a gaseous 
FeCl2 phase. 
In addition to the solid phases formed during synthesis, it is evident that the reaction 
evolves a gaseous species.  During the synthesis of the powders a condensate was 
observed on the outlet of the quartz tube, upon heating to the set-point temperature, at 
and above a reaction temperature of approximately 300°C.  The condensate deposition 
was most vigorous upon its onset and after approximately 2 hours it was barely visible.  
However, at the completion of the synthesis a significant amount of the tubes outlet 
surface area was covered with the condensed product, a light yellowish brown residue 
(Figure 3.22).  This clear mass loss from the reagent powder mixture was also shown 
by the DSC/TG analysis (Section 3.2.3). 
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Figure 3.20 Thermochemical estimations of 1:1 system of CrCl2 and Fe4N. 
 
Figure 3.21 Thermochemical estimations of 1:1 system of CrCl3 and Fe4N. 
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Figure 3.22   Images showing condensate residue on the quartz tube outlet. 
The condensed residue was collected and analysed using XRD (Figure 3.23).   It was 
revealed that the condensate evolved from the reaction between CrCl2 and Fe2-4N was 
composed of FeCl2(H2O)4 and was a FeCl2-FeCl2(H2O)2 mixture for the CrCl3 reagent.  
It is certain that the synthesis process has produced solid FeCl2 as this was detected by 
XRD analysis and predicted by free energy calculations. However, evidently gaseous 
FeCl2 is also produced. Considering the boiling point of FeCl2 is 1023qC the synthesis 
reaction has caused the volatilisation of this compound at a very low temperature. It is 
reasonably assumed that FeCl2 leaves the reagent powder mixture as a gas, condenses 
on the wall of the quartz tube and forms a hydrate during collection due to its 
hygroscopic nature.   
The formation of a solid metal chloride phase is not unexpected considering similar 
reactions from the literature.  For example, Aguas and co-workers demonstrated that 
reactions between CrCl2 and Mg3N2 lead to CrN formation and MgCl2 [24].  Similarly, 
reactions between CrCl3 and Li3N2 lead to Cr2N formation and LiCl [24]. However, 
the formation of gas phase products was not reported in these studies.  Further, the 
reaction investigated in the present work appears unreported in the literature and so 
comparison of results is not possible.  Thus, the strong empirical evidence of a gas 
phase condensate must be considered.    
Condensate Condensate 
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Figure 3.23  XRD spectra of condensated residue collected in quartz tube after 
synthesis experiments showing iron chloride and iron chloride 
hydrate(a). CrCl2- Fe2-4N (b). CrCl3 - Fe2-4N. 
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The reaction does not appear to be a self-sustaining exothermic metathesis reported by 
[24, 25, 81] to produce metal nitrides; instead the reaction appears to be a diffusion-
controlled process.  From the phase analysis of the product powder a general reaction 
can be surmised, where both solid and gaseous FeCl2 are produced at 570qC and only 
gaseous FeCl2 is produced at 700qC (refer to XRD analysis Table 3.1); 
 
CrCl2-3 (s)   +   Fe2-4N(s)                    Fe(s)  +   CrN(s)   +   FeCl2(s)(g) 
 
Given the developed core-shell structures, however, this may be an oversimplified 
view.  To form and grow a CrN layer a complex mechanism emerges and an attempt 
to understand the mechanism is presented here.  Initially the two reagent compounds 
CrCl2-3 and Fe2-4N are in contact.  The exact nature of the contact is difficult to assess, 
but given the highly uniform CrN shells developed it can be assumed that near 
conformity is achieved using fine powders.  From the XRD analysis it is known that 
when these two reagents powders are mixed and thermally activated at or above 570qC 
and for at least 1h the product powder will yield CrN and FeCl2, and this correlates 
with free energy predictions.  Thus, the initial reaction to nucleate CrN can be 
understood.  However, for the continued growth of a CrN shell numerous diffusional 
events must occur. 
The growth stage of the CrN phase is presented schematically in Figure 3.24.  Here it 
is seen that a multilayered structured is predicted.  The development of core-shell 
structures may be understood by applying the principles of thermo-reactive diffusion 
(TRD).  As discussed in the Literature Review section of this Thesis the TRD process 
is typically a gaseous or liquid process where nitride or carbide forming elements are 
deposited onto a carbon- or nitrogen-rich material [8, 13, 43, 46].  The driving force 
for the deposition of the carbide-forming element is the low free energy of metal 
carbide/nitride compound formation [8, 13, 43].  Additionally, this low free energy 
causes the diffusion of carbon or nitrogen from the core to form a surface layer of 
metal carbide/nitride [11, 17, 22].  The continued growth of the layer is reduced by the 
need for carbon/nitrogen diffusion from further in the core structure but also through 
the layer to the reaction interface [13, 17, 22].  Cao [21] examined the phase structure 
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of chromised substrates at various durations (1-3,6 and 24hrs), and found that the 
duplex chromised compound layer (CrN) formed at the expense of the nitride 
compound layer.  CrN formation by the low-temperature TRD process was shown by 
[21] to be diffusional, while formation practically ceased once the nitride compound 
layer was consumed.   
It would appear in the current work a similar mechanism is occurring.  It is clear from 
the SEM/EDX analysis that nitrogen diffused from the core of a Fe2-4N particle 
towards the surface resulting in the formation of CrN and the decomposition of the 
iron nitride into iron.  The decomposition of the iron nitride and redistribution of 
nitrogen is largely complete after 1h at 570qC, thus an increase in the quantity of CrN 
formation at higher temperature and longer times is limited.  The diffusion of nitrogen 
towards a deposited nitride-forming element is familiar through TRD principles, and 
may assumed to be the result of low free energy of chromium nitride formation at 
temperatures at or above 570qC.  However, the solid-state nature of the reactions in 
this work causes a departure from conventional TRD mechanisms.   
In gas phase TRD the reduction of metal chloride gas occurs heterogeneously at a 
surface in combination with evolved hydrogen gas, such as that for the deposition  of 
chromium at temperatures between 900-1000qC [23, 43].  Metal deposition onto the 
metal carbide/nitride layer from the metal chloride gas phase will continue as long as 
thermodynamically favourable.  In the present work, once the CrN layer has nucleated 
by the reaction between the CrCl2-3 and Fe2-4N, the CrCl2-3 phase is now in contact 
with CrN.   This presents an interesting question: what is the reaction for continued Cr 
deposition after CrN nucleation? An additional aspect of this mechanism that is 
distinctive from traditional TRD processes is the apparent loss of iron from the 
substrate though FeCl2 formation and volatilisation.  For this to occur iron is required 
to diffuse out of the Fe4N phase through the CrN layer to the interface, and presumably 
through the CrCl2-3 layer.  Diffusivity data for iron through either of these phases was 
not found in the literature.  This poses another question: where does the FeCl2 phase 
reside in the interface and by what mechanism does the volatile of this compound leave 
the system?  These are complex issues beyond the scope of the present study.  The 
diffusional behaviour and phase analysis at this complex interface should be studied 
further by advanced characterisation techniques, such as solid-state NMR.    
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Figure 3.24 Schematic representation of the proposed interface developed in the 
solid-state reaction between CrCl2-3 and Fe4N at 570qC.  Shown are 
the diffusing species and directions and the solid and gaseous phases 
formed. 
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3.4 Summary 
In this Chapter a previously unreported solid-state reaction between an iron nitride 
compound (Fe2-4N) and two chromium chloride compounds (CrCl2 and CrCl3) has 
been investigated.  Thoroughly mixed (mortar and pestle, ball milled) fine (<5μm) 
powders of these reagents were heated in an inert argon atmosphere at various 
temperatures (450, 570 and 700qC), for various synthesis times (1, 9, and 24h) and at 
differing reagent ratio (1:1, 3:1).  In addition to pure CrCl2-3 and Fe2-4N reagents, the 
reaction involving synthesised CrCl2 (chlorinated electrolytic chromium) and Fe2-4N 
(nitrocarburised iron) was explored.  The resulting product powder was analysed by 
XRD with Rietveld quantitative analysis applied to the resulting spectra.  SEM/EDX 
imaging of the cross-sectional view of the synthesised powders was performed to 
understand the structures formed.  The main findings from this study are: 
 XRD analysis revealed that no observable reaction occurred between a 1:1 
mixture of CrCl2 and Fe2-4N heated to 450qC for 9h.  However, EDX 
composition mapping indicated a thin layer of chromium-enrichment on the 
surface of the Fe2-4N particles, suggesting a limited reaction.    In contrast, the 
same reaction conditions applied to the CrCl3 reagent produced a product 
powder containing 60% FeCl2 and 16% chromium metal.      
 Increasing the reaction temperature to 570qC resulted in the formation of CrN 
in the product powder for both chromium chloride reagents and for all synthesis 
times.   However, a control experiment involving the exposure of a 1:1 mixture 
of electrolytic chromium and Fe2-4N to the same reaction conditions did not 
produce CrN.  To form CrN at this temperature in reaction with Fe2-4N, the 
chromium species is required to be in a chlorinated form.   
 Quantitative analysis revealed that the proportion of CrN formed in the product 
powder from the pure reagent trials is slightly increased by longer synthesis 
times, and simultaneously the quantity of remnant Fe4N is decreased.  
Preparing the reagent mix by ball milling and increasing the ratio of the 
chromium chloride reagent had no effect on CrN quantity.  A mixture of 
chlorinated chromium and nitrocarburised iron also produced CrN at 570qC for 
9h, however at a lower quantity, presumably due to the limited CrCl2 available. 
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 A solid FeCl2 phase was detected by XRD in the product powder produced 
when either chromium chloride species is reacted with Fe2-4N at 570qC.  The 
collection and analysis of a condensed phase on the reactor effluent point 
confirmed the condensate to be FeCl2 and its hydrate.  The observation of a 
condensed phase correlates with mass loss seen by TGA analysis.     
 Core-shell structures were formed where a CrN layer of thickness ~1.5 μm 
surrounds a decomposed Fe2-4N particle.  The diffusion of nitrogen has 
occurred from the core of the particle to the depositing Cr, in similar way to 
thermo-reactive diffusion processes.  Due to the rapid formation of CrN and 
associated decomposition of Fe2-4N synthesis time and temperature did not 
have a strong effect on the thickness of the CrN layer. 
Generally a reaction emerges where CrCl2-3 reacts with Fe2-4N to produce CrN, Fe and 
both solid and gaseous FeCl2.  However, given the proposed complex reaction 
interface where new phases are being synthesised and many diffusional events must 
occur for continued reaction, there are numerous questions remaining about this 
reaction that should be the subject of further study.  This work has, though, 
conclusively demonstrated that CrN forms at relatively low temperatures by a solid-
state synthesis route forming discrete layers on iron nitride particles.  In the next 
Chapter this reaction is utilised to form CrN layers on bulk samples of tool steel by 
various methods.     
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Chapter 4 
 
 
Formation of CrN layers on Bulk Materials 
 
4.1 Scope and Aims 
The previous Chapter has clearly demonstrated the solid-state reaction between fine 
powdered CrCl2-3 and Fe2-4N reagents, at and above 570°C, in an inert atmosphere.  
Although the reaction is complex and requires further work to fully understand the 
mechanism, it was shown that uniform layers of 1-1.5 μm thickness formed on the iron 
nitride particles by a thermo-reactive diffusion mechanism.  In contrast, CrN was not 
produced under the same synthesis conditions by the reaction between chromium 
metal powder and Fe2-4N powder.  Thus, for the low-temperature (<700°C) synthesis 
of CrN in reaction with iron nitrides the chromium species is required to be in a 
chlorinated form.   
As discussed in the Chapter 1, the formation of thin (<5 μm) CrN surface layers by 
PVD is common practice, mainly on tooling used in metal forming processes.  A 
potential limitation of PVD is the line-of-sight nature of the layer formation, and so 
the uniform coating of complex shapes and blind or through holes is limited.  In this 
current Chapter we explore the potential to form CrN surface layers on bulk samples 
of tool steel by the solid-state reaction identified in Chapter 3.  The potential benefit 
of this process is the ability to treat all surfaces of the sample by a simple pack process 
or by providing fresh reagent to the reaction interface by reagent fluidisation/agitation.   
Due to its high strength, ductility and good tempering resistance, AISI H13 hot work 
tool steel is extensively used in hot metal forming applications, such as aluminium 
extrusion and die casting [5].  The formation of CrN surface layers on bulk AISI H13 
samples is the focus of this Chapter.  The composition and heat treatment process for 
the AISI H13 tool steel samples was discussed in Chapter 2 Experimental Techniques 
(Section 2.2.1).  This alloy when heat treated as described produces a secondary 
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hardening peak with a maximum hardness at 530°C (Figure 4.1).  The heat treatment 
regime applied to the AISI H13 specimens is illustrated in Figure 4.2. 
Figure 4.1 Tempering temperature vs hardness on AISI H13, hardened from 
1020°C and air cooled [107]. 
 
Figure 4.2 Hardening and tempering processing cycle for AISI H13 tool steel. 
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Secondary hardening involves the precipitation of fine alloy carbides, which provide 
the material with good hardness.  Increasing the tempering temperature above 570°C 
causes a rapid and undesirable decrease in hardness by the coarsening of the alloy 
carbide precipitates.  For this reason all CrN layer synthesis trials in the Chapter were 
performed near the peak temper hardening temperature, 570°C.  It has already been 
established in the previous Chapter that this synthesis temperature is adequate for CrN 
formation.     
Nitriding and nitrocarburising are the most common surface treatments applied to AISI 
H13 tool steels for hot working applications as they increase the service life of tools at 
a viable cost [2, 4, 5, 7, 108, 109].  To further improve tool life to sustain thermal and 
mechanical loads, duplex treatments forming CrN surfaces layer above a toughened  
nitrogen diffusion zone have been shown to exhibit improved wear, friction and 
soldering properties to aluminium over conventional nitriding processes, thus making 
them well suited to such applications [2, 4, 5, 7, 108, 109].  The low-temperature 
duplex chromising process involves a pre-cursor nitriding or nitrocarburising surface 
treatment to provide the substrate with a nitrogen rich supply to form chromium 
nitrides as part of the subsequent chromising process [8, 12-15, 24].  In this study the 
precursor surface treatment to maximise the nitrogen content is by a ferritic 
nitrocarburising process (see process details in Chapter 2).  Ferritic nitrocarburising 
conducted in this research does not specifically focus on creating a white layer with 
ideal tribological properties, but rather a layer which has fast layer growth kinetics, 
that acts as a nitrogen rich supply to form chromium nitrides as part of the duplex 
chromising process, and which provides a hardened diffusion zone to support the CrN 
surface with a gradual transition in interfacial properties.  The first section of this 
Chapter deals with the characterisation (GD-OES quantitative depth profiling, XRD 
analysis, and SEM imaging) of ferritc nitrocarburised AISI H13. 
The subsequent work in this Chapter explores various methods (Experimental method 
is detailed in Section 2.2) to form CrN layers on nitrocarburised AISI H13 tool steel   
In all trials the surfaces were characterised by GD-OES quantitative depth profiling, 
XRD analysis, and SEM imaging.  The first experiments were to confirm the formation 
of a CrN layer on bulk AISI H13 surfaces by a simple conformal contact technique.  
Here a high purity sample of bulk chromium metal was exposed to a gas mixture of 
UHP hydrogen chloride and UHP argon for various times at 570qC.  In Chapter 3 it 
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was shown by XRD analysis that electrolytic chromium powder after exposure to the 
same conditions evolved solid CrCl2 as a surface film.  It is therefore highly likely that 
a bulk specimen of chromium will also produce this phase by chlorination, and this 
was studied by XRD analysis.  The chlorinated chromium specimen was then 
physically coupled to a nitrocarburised AISI H13 specimen and heated under inert 
conditions to 570qC to induce a reaction.  By chlorinating the chromium substrate for 
various times (5-300 mins) the effect of the quantity of CrCl2 on the subsequent CrN 
layer thickness was examined.  This experimental configuration also allowed 
determination of the compositional profile of the chromium side of the interface after 
synthesis by GD-OES quantitative depth analysis.        
The next synthesis technique explored was a packed powder process.  Here the same 
reagent grade CrCl2 and CrCl3 powders and chlorinated electrolytic chromium powder 
used in the powder synthesis trials of the previous Chapter were placed in contact with 
a nitrocarburised AISI H13 specimen and heated under UPH Ar to 570qC.   
Finally, the effect of providing a fresh interface was explored.  As discussed in the 
previous Chapter the interface appears chemically complex with numerous diffusing 
species.  In this section of the study the effect of providing a continuous supply of 
unreacted CrCl2 species to the reaction interface was explored.  To achieve this, 
chlorinated electrolytic chromium powders were placed in contact with nitrocarburised 
AISI H13 specimens, heated to 570qC and agitated by gas fluidisation or vibration 
means.  In addition to interface refreshing this trial involved the use of larger cubic 
AISI H13 specimens and the characterisation of the CrN layer on each face provided 
an understanding of the uniformity of the process.   
As in the powder synthesis trials in the previous Chapter, in all of the above CrN 
synthesis routes a control experiment was conducted using chromium in a non-
chlorinated form. Also each trial was repeated three times for consistency, and the 
results presented are either an average of the three trials or representative.  The results 
and discussion from this work are presented separately for each process variant, and a 
general discussion section to provide further insight into the process provided at the 
end.  It was not envisaged that this work would provide an optimised process, rather 
the objective was to provide insight into how best use this solid-sate reaction to form 
CrN layers on bulk steel samples.   
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4.2 Results & Discussion 
4.2.1 Nitrocarburised layer composition, phases and microstructure 
All the experimental trials across the bulk methods investigated involved 
nitrocarburised AISI H13 tool steel specimens.  The heat treatment regime and 
subsequent nitrocarburising surface treatment applied to the AISI H13 samples in this 
work is detailed in Chapter 2 (sections 2.2.4 and 2.2.5).  As mentioned it was not the 
aim to produce an optimised nitrocarburised treatment, but rather a consistent nitrogen-
rich surface.  Thus only one nitrocarburising condition was applied; however 
subsequent work may be directed toward the effect of nitrocarburised layer 
characteristics.  Numerous nitrocarburised AISI H13 samples were prepared in one 
batch producing very good consistency as determined by GD-OES quantitative depth 
profiling.  The following results are representative of all nitrocarburised samples 
produced. 
A representative GD-OES quantitative depth profile for nitrogen, oxygen, carbon, 
chromium and iron in the surface of nitrocarburised AISI H13 is presented in Figure 
4.3.  It is immediately obvious that the near surface region (<3 μm) is compositionally 
complex containing peaks of all analysed elements at varying depths.  Beneath this 
region the nitrogen concentration gradually decreases.  According the Fe-N binary 
phase diagram the maximum solubility of nitrogen in ferrite is ~6wt.%, after which 
iron nitride forms.  Thus, the nitrogen concentration profile provides an estimate of 
compound layer thickness.  Here nitrocarburising of the AISI H13 tool steel samples 
formed a compound layer of approximately 10-12μm in thickness after 5 hours of 
treatment with an atmosphere of N2, NH3 and CO2.  Beneath the compound layer the 
nitrogen concentration decreases to ~3 wt.% forming a diffusion zone. 
As explained in the Literature Review, the aim of the pre-cursor nitrocarburising 
surface treatment was to form a surface that was rich in nitrogen and which could 
supply this nitrogen during the subsequent chromium deposition process to form CrN.  
The growth of the compound layer has been described in the literature to be parabolic, 
where the compound layer thickness is a function of the square root of nitrocarburising 
time  [110-113].  The parabolic growth can be described by the diffusional nature of 
the compound layer, where as the compound layer thickness increases, nitrogen and 
carbon must interstitially diffuse through it in order for continued conversion of the 
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iron matrix  [110-113].  As the compound layer thickness increases a corresponding 
decrease in the compound layer growth rate follows  [113].   A study prior to the 
present work was performed to examine the kinetics of compound layer growth for 
AISI H13 in the chosen atmosphere (62% N, 35% NH3 and 3% CO2).  This atmosphere 
was also established in prior work to maximize the growth rate of the compound layer.  
It was found that limited compound layer growth occurs after 5 h of nitrocarburising.  
Therefore, this nitrocarburising time was selected in the present study to maximise the 
compound layer thickness, thus providing the maximum available nitrogen for CrN 
layer formation. 
Other compositional features of note are the enrichment of the compound layer with 
carbon, and the slight carbon concentration hill at the compound layer-diffusion zone 
interface.  The carbon enrichment is the result of the addition of a carburizing gas 
(CO2) to the treatment atmosphere.  The carbon concentration enrichment at the 
compound layer-diffusion zone interface region is a known phenomenon [11, 48].  The 
hardened and tempered AISI H13 steel structure consists of primary and secondary 
alloy carbides in a tempered martensite matrix.  During nitrocarburising these alloy 
carbides are converted during nitrocarburising to nitrides or carbonitrides since, in 
general, these alloying elements have a higher affinity for nitrogen than for carbon 
[112, 114].  This reaction releases carbon, which is pushed inwards as the nitrogen 
concentration increases in the near surface region [48].  This concentration of carbon 
at the compound layer-diffusion zone interface has microstructural consequences, 
described later. 
The complex composition of the near surface region is related to the formation of 
porosity and an iron oxide surface layer.  The mechanism of porosity formation during 
nitrocarburising is reported to be as a result of the thermodynamic instability of the ε 
and γ’ phases with respect to the N2 gas at normal pressure [48, 68, 112, 113, 115-
117].  This instability leads the N2 gas to precipitate out of the layer resulting in the 
development of voids in the compound layer [112, 116, 118].  The nucleation and 
growth of porosity has been described to occur at grain boundaries or local carbon-
enriched regions [112, 114-117, 119, 120].  Due to the high equilibrium gas pressure 
with the ε-iron carbonitride phase (2.5 x 105 atmospheres at 575°C) [112, 115], the 
nucleated nitrogen pores cause local matrix straining, pore growth and the merging of 
adjacent pores [112]. The instability of nitrogen in the compound layer promotes the 
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development of porosity where the high nitrogen activity at the surface consequently 
leads to porosity in regions near the surface [112, 115, 117, 118, 121].  Porosity 
formation during gaseous nitrocarburising has been claimed to be unavoidable [48], 
although it can be controlled to some degree by adjusting the nitrogen and carbon 
activities or reducing the treatment temperature or cycle time [11, 48]. 
A very thorough and relevant study was performed by King et al. [50] on the fluidised 
bed ferritic nitrocarburising of various tool steels, including AISI H13, and this is 
useful in understanding the composition of this porous region.    These researchers 
have shown that, at the same time as porosity formation, an oxide layer or “cover layer” 
forms by the outward diffusion of iron and is driven by the oxygen potential at the 
surface [48].  This mechanism correlates with the iron peak in the porous band in 
Figure 4.3.  The formation of porosity is also believed to assist iron diffusion as the N2 
gas, which precipitates out of the layer, creates local areas that are rich in iron [48].  
The cover layer has been shown to grow proportionally to the square root of the 
treatment time and is composed predominately of magnetite-Fe3O4 and smaller 
quantities of H-iron nitride [48], which fits well to the high oxygen content and minor 
nitrogen peak in the near surface region of the quantitative depth profile of Figure 4.3. 
King et al. [48] also found that, in addition to a distinct surface layer, magnetite also 
formed on the inside of the pores.  In Figure 4.3 oxygen is seen to persist at a lower 
level beneath the 1 μm thick oxide layer, most likely due to the same growth of 
magnetite in the pore structure.    The formation of an iron oxide in the surface region 
of the compound layer has been reported to form by gaseous [91, 112], salt-bath [117] 
and plasma [114, 122] nitrocarburising.  It has been reported by Rozendaal et al [117] 
and Haruman et al. [114] that the magnetite profile can be correlated to the depth of 
porosity.  As a result of the porosity formed during nitrocarburising, these researchers 
describe that the large surface area exposed to an oxygen bearing atmosphere allows 
the dissolution of oxygen into the ε-iron carbonitride structure through the pores.  
However, Slycke and Sproge [112] reported a low solubility of oxygen in the ε-iron 
carbonitride crystal structure and dismiss the possibility of oxygen dissolution.  
Meanwhile, Dawes and Tranter [120] have reported that the porosity formed during 
nitrocarburising allows for improved post-oxidation treatments, lending to the 
possibility of iron oxides on the surface of the pores. 
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Figure 4.3   Quantitative depth profile of nitrocarburised H13 tool steel sample 
treated for 5 hours 
Two types of porosity have been seen to form during nitrocarburising depending on 
the steel composition and processing parameters [48, 123].  Channelled porosity, in 
which the pores open out to the exterior surface which is seen on nitrocarburised pure 
iron and plain carbon steels.  Another form of porosity is described to have a sponge 
type structure where the pores are finely dispersed and are not interconnected [48, 
123].  It has been shown that on nitrocarburised mild steel components with this 
structure the porosity is able to retain an oil film in lubricant starved conditions [48].  
However, porosity has also been reported [120, 121] to be detrimental to the hardness 
and wear resistance of the compound layer.   To avoid detrimental mechanical 
properties and composition complexities the oxide layer and porous region were 
removed prior to CrN layer synthesis.  Here mechanical grinding was performed using 
a 3μm diamond suspension on a Struers Dac pad and Rotopol polishing machine.  To 
ensure the oxide and porosity were completely removed the samples were inspected 
using optical microscopy, SEM and re-analysed using GD-OES.  A similar approach 
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was taken by Cao et al. [21, 22] when preparing ferritic nitrocarburised steel samples 
for subsequent low-temperature salt-bath chromising. 
XRD analysis of a representative nitrocarburised AISI H13 sample (Figure 4.4), after 
mechanically removing the oxide and porous layer, shows the compound layer to be 
composed entirely of ε – Fe3N.  A mono-phase H compound layer is quite typical of 
ferritic nitrocarburised tool steels, and is related to the release of carbon from the alloy 
carbides during nitrogen diffusion [112].  The H phase is in fact a solid solution phase 
typically represented as Fe2-3(C,N)1-x and this allows a wide solubility range of 
nitrogen and carbon [12, 14, 124].  In contrast, J’ phase is almost a stoichiometric 
compound with a very limited nitrogen solubility range.  Consequently the carbon 
released from the alloy carbides acts to stabilise the H phase [12, 14, 124], forming H-
rich compound layers.  In the previous chapter the iron nitride powders used for the 
solid-state metathesis experiments were predominantly composed of γ’ - Fe4N with 
smaller amounts of ε - Fe3N, and it was shown that the H phase decomposed to J’ during 
the CrN synthesis.  Despite the difference in the iron nitride phases formed between 
the nitrocarburised AISI H13 specimens and the powder used in the metathesis trials, 
the important factor is to achieve a compound layer rich in nitrogen, which is achieved 
with either γ’ or ε iron nitrides. 
 
Figure 4.4  XRD spectra of Nitrocarburised H13 sample with porosity removed. 
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The optical micrograph and SEM images (Figure 4.5(a) and (b)) show the 
microstructure of a nitrocarburised H13 specimen.  It can clearly be seen from the 
micrograph and SEM image (Figure 4.5 (a) and (b)) that the nitrocarburised layer is 
composed of a thin oxide layer, a ~3μm porous region and a dense 10μm iron-
carbonitride (compound) layer.  Meanwhile, the micrograph and SEM image (Figure 
4.5(c) and (d)) show the microstructure of the AISI H13 sample after the oxide layer 
and porous region were mechanically removed using diamond polishing.  The 
micrographs clearly show that the polishing procedure had successfully removed the 
oxide layer and porosity band, while not compromising the compound layer.  The 
microstructure shown in Figure 4.5(d) is representative of the starting condition of all 
nitrocarburised specimens used in subsequent CrN layer synthesis trials. 
The diffusion zone was readily distinguished, appearing dark after the nital etch, and 
found to be approximately 90 μm in depth.   A common aspect of nitrocarburising 
alloy steels by gas [112] and plasma [51] is a feature where the compound layer 
appears to penetrate the diffusion zone.  This structural feature was seen after 
nitrocarburising and has been defined by Slyke and Sproge [112] as grain boundary 
epsilon iron carbonitride precipitates.  The mechanism of the formation of the grain 
boundary precipitates is known and is related to the inward push of the carbon 
absorbed from the atmosphere and released by the alloy carbides.  The accumulated 
carbon at the compound layer-diffusion zone interface diffuses to the prior austenite 
grain boundaries with in the diffusion zone, preferentially at grains parallel to the 
surface.  The enrichment of this grain boundary cementite with nitrogen causes the 
transformation to H, giving the appearance that the compound layer has penetrated into 
the diffusion zone. 
During the hardening heat treatment of tool steels, the final partioning between the 
alloy carbides and the matrix occurs upon quenching, which subsequently determines 
the quantity of alloying elements in solid solution in the martensite matrix.  
Correspondingly, a high austenitising temperature is associated with a high solid 
solution alloy content [93], such as that applied to the AISI H13 in this study. During 
nitrocarburising a fine dispersion of alloy nitrides form within the compound layer and 
diffusion zone as a result of the nitride-forming elements in solid solution in the 
martensite matrix [111, 112, 114, 125].  This quantity of alloy nitrides gradually 
decreases from the surface to the core in proportion to the concentration of diffused 
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nitrogen.  The fine alloy nitrides provide almost all the hardening effect, with only 
minor hardening provided by the H phase [48].  Consequently a very gradual transition 
in hardness is achieved by nitrocarburising AISI H13 steel, and this will be discussed 
further in a later section of this Chapter.     As discussed in Section 1.3 this favourable 
transition in hardness from surface-to-core is performed extensively in duplex surface 
engineering techniques, such as PVD, to provide support for the hard and brittle 
ceramic layer.  In fact, in PVD duplex processes great effort is made to remove or 
eliminate the compound layer due to interface adhesion difficulties between the 
compound layer and ceramic coating [1].  The distinction in the present work is the 
desire to retain and maximise the compound layer prior to the deposition of chromium, 
so that this can act as a reservoir of nitrogen to form the CrN surface layer.  The 
following sections explore the formation of CrN surface layers on the above 
characterised nitrocarburised AISI H13 surfaces by the solid state reaction determined 
in the preceding Chapter. 
Figure 4.5  Micrograph of nitrocarburised H13 tool steel (a). As-treated (b). With 
porosity removed. (c) SEM image As-treated (d). SEM image of porosity removed.  
(a). 
20μm 10μm 
(c). (d). 
(b). 
20μm 10μm 
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4.2.2 CrN layer development and interface chemistry by conformal 
contact 
The previous Chapter reported a comprehensive and systemic study of the reaction 
between high purity CrCl2-3 and Fe2-4N fine powdered reagents heated in the 
temperature range of 450-700qC.  It was clearly shown that thin (1-1.5μm) CrN layers 
formed on the Fe2-4N powders.  It was surmised that the mechanism for CrN layer 
development was based on a TRD process where the nitrogen diffused outwards from 
the iron nitride compound towards the surface driven by a reaction between the 
reagents.  As stated in the discussion section of the previous Chapter, the reaction 
mechanism is quite complex considering the species forming and elements diffusing 
at the interface.    
This initial experimental section aims to determine if the same reaction mechanism 
produced by powder synthesis can be extended to form CrN surface layers on bulk 
samples of a nitrocarburised hardened and tempered AISI H13 tool steel.  A simple 
conformal contact experiment was conducted where a chlorinated pure chromium 
substrate was contacted with a nitrocarburised AISI H13 sample.  Although it is 
recognised that this process of conformal contact would not be extended to a practical 
process, the use of bulk samples of chromium allowed for the compositional analysis 
of the CrCl2-3 side of the interface after synthesis.   
4.2.2.1  XRD of Chlorinated pure chromium disc 
It was found by XRD analysis in Chapter 3 that electrolytic chromium powder when 
exposed to hydrogen chloride gas forms a film of CrCl2(s), which was effective in 
forming a CrN layer by a reaction with the Fe2-4N powder.  It may be assumed that the 
chlorination of a bulk chromium sample would yield the same phase; however, for 
complete validation of this assumption this mechanism is confirmed in this section.  A 
pure chromium metal substrate was placed in a stream of UHP argon and heated to a 
temperature of 570qC.  At the synthesis temperature UHP hydrogen chloride gas was 
added to the argon flow at a concentration of 1% of the total flow.  To determine the 
effect of the quantity of CrCl2 on the thickness or composition of the CrN layer formed, 
various chlorination times (5, 60, and 300 min) were explored.  Each chlorination time 
was repeated three times and the results presented are either representative or an 
average of each iteration. 
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Figure 4.6 shows the XRD spectra of the Cr sample after being chlorinated with HCl 
gas for 5, 60 and 300 minutes.  The spectra shows that CrCl2(s) is present on the surface 
of the chromium sample for all synthesis times, and is the only chloride phase to form.  
The surface exhibited hygroscopic characteristics if left in the atmosphere, which 
confirmed to an extent that a chromium chloride species formed during the 
chlorination process.  The formation of CrCl2(s) by the chlorinating process concurs 
with the estimations determined by HSC thermochemistry software shown earlier 
(Figure 1.0 – Chapter 1) and to the thermochemistry calculations performed by Perez 
et al. [23].  Thus, it has been confirmed by XRD analysis that chlorinating chromium 
metal forms a solid CrCl2 species.  It was seen in the previous chapter that CrN formed 
by a solid-state diffusion reaction when synthesising CrCl2-3 with Fe2-4N at 570-700°C.  
Thus, based on the reaction mechanism determined in the previous chapter and the 
formation of solid CrCl2 by the chlorinating process, it is likely that CrN will form 
when the chlorinated chromium sample is coupled with a nitrocarburised AISI H13 
sample.   
Other phases detected by XRD profiling were Cr2O3 and Cr.  It is clear that the 
chromium spectra are a result of the penetration of the x-rays through the chlorinated 
film to the substrate.  Despite ultra-high purity gases used during chlorination, 
unfortunately it appears the experimental set-up induced some oxidation of the 
chromium sample, where numerous unsuccessful attempts were made to eliminate the 
oxidation.  However, given the distinct presence of CrCl2(s) these chlorinated surfaces 
were deemed suitable for conformal contact experiments to determine the feasibility 
of CrN formation.  The phases formed by the various chlorination times were 
quantitatively assessed by Rietveld analysis, and are summarised in Table 4.1.  It is 
clearly seen that the quantity of phases was reproducible.  Also, even with Cr2O3 
formation accounted for, the quantity of CrCl2 produced increased with chlorination 
time.   Given the hygroscopic nature of the synthesised CrCl2 compound it was not 
possible to directly observe the formation of the CrCl2 film.  
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Figure 4.6 XRD analysis of chlorinated chromim sample after chlorination for 
(a). 5mins (b). 60mins and (c). 300mins, at 570°C. 
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Table 4.1. Reitveld quantitative analysis of the XRD spectra of the chlorinated 
chromium sample. 
Chlorination Time   
(mins) Cr (%) CrCl2 (%) Cr2O3 (%) 
5 45±4 36±7 19±7 
60 37±5 44±6 19±8 
300 14±2 80±4 6±1 
  
4.2.2.2 The surface composition, phase analysis and microstructure of the 
interface after conformal synthesis 
The physical coupling of a chlorinated pure chromium substrate with the H- iron nitride 
rich surface of nitrocarburised AISI H13 has confirmed the reaction mechanism 
explored by powdered reagents in the previous Chapter.  In Figure 4.7 the GD-OES 
quantitative depth profiles for both sides of the reaction interface are shown.  Note the 
experiments were repeated a minimum of three times, and the quantitative depth 
profile in Figure 4.7 and 4.8 are representative of all tests.  It is immediately apparent 
that the nitrocarburised AISI H13 side of the interface experienced considerable 
chromium-enrichment after coupling for 9 h at 570qC (Figure 4.7 (a)).  The peak 
chromium concentration was between 65-75 wt% for all chlorination times, with no 
strong relationship between chlorination time and chromium concentration on the 
nitrocarburised surface (Figure 4.8).  There was a moderate increase in the thickness 
of the chromium-enriched layer with an increase in chlorination time of the chromium 
substrate (Figure 4.8(a)).  That is, it appears the quantity of CrCl2(s) on the chlorinated 
chromium substrate is a factor in the thickness of the layer developed.     
At the same time as chromium-enrichment occurs the surface of the nitrocarburised 
substrate displayed nitrogen-enrichment after coupling with the chlorinated chromium 
substrates (Figure 4.8 (b)).  The thickness of the nitrogen-enriched region correlated 
exactly with the chromium concentration peak.  Further, as with the chromium-
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enrichment depth the nitrogen-enrichment thickness increased with the quantity of 
CrCl2(s) available (i.e. increased chlorination time).  It would appear that the chromium 
and nitrogen enrichment are related and suggest the formation of a CrN layer.  In a 
similar way to the powdered reagent trials a control experiment was performed in this 
work.  Here an unmodified chromium surface was physically coupled to a polished 
nitrocarburised AISI H13 surface and heated to 570qC for 9 h.  Figure 4.8 shows the 
quantitative depth profiles of the chromium and nitrogen concentration resulting from 
this physical coupling.  Clearly chromium enrichment did not occur and nitrogen has 
decreased relative to a nitrocarburised layer, presumably by the inward diffusion (this 
is discussed later).  This correlates well to the finding of the previous Chapter, where 
for CrN formation the chromium is required to be in a chlorinated form.   
Figure 4.7(a) shows the composition of the nitrocarburised surface after coupling with 
chromium chlorinated for 5 h, including iron and oxygen.  It appears a thin oxide layer 
had formed on the surface, although the oxygen-content does not penetrate into the 
chromium and nitrogen rich region.  There are very low levels of iron in the region of 
chromium enrichment, although it is present.  There are two potential mechanisms 
here: the growth of the chromium and nitrogen enriched layer is outwards, and small 
amount of diffusion of iron occurs into that region, or the layer forms by the inward 
growth with iron lost to the interface.  There is some evidence that it is the former 
mechanism operating.  The GD-OES quantitative depth profile for iron, chromium and 
oxygen of the chlorinated chromium side of the interface is shown Figure 4.7(b).  The 
most interesting feature of this interface analysis is the enrichment of the surface of 
the chromium substrate with iron.  Very near the surface (<1μm) the level of iron is 
quite high (~40 weight percent) and gradually decreases towards the core.  It is 
apparent that in addition to chromium transfer to the nitrocarburised surface, there is a 
corresponding diffusion of iron from the steel substrate to the chlorinated chromium 
substrate.  This may indicate that the low iron concentration in the nitrocarburised 
specimen is a result of the transfer to the chromium disc and not an outward growth of 
the layer.  However, it is difficult to be definite.   
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Figure 4.7 Quantitative depth profiles of (a). Nitrocarburised AISI H13 sample 
after coupling with chlorinated Cr sample (5h chlorination), and (b). Fe diffused into 
Cr sample after coupling 
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Figure 4.8 Quantitative depth profiles of nitrocarburised AISI H13 sample after 
coupling with chlorinated Cr disc (i). 5min chlorination (ii). 1h chlorination (iii). 5h 
chlorination 
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XRD analysis of the nitrocarburised surface after coupling is shown in Figure 4.9.  At 
all chlorination times the surface of the substrates contained the CrN phase.  The 
analysis also revealed peaks for iron, presumably due to the penetration of the X-rays 
through the surface layer to the underlying substrate.   Thus, it can be stated that a 
reaction occurred between the CrCl2(s), formed by the chlorinated chromium sample, 
and the H-iron nitride to form CrN.  XRD analysis of the chromium side of the reaction 
interface for all chlorination times is shown in Figure 4.10.  The main phase detected 
was chromium, although hematite Fe2O3 was present on all specimens, while CrCl2 
was also present on the 300min chlorinated specimen.  It seems that for the 
chlorination times of 60min or less, all the CrCl2 was consumed in the reaction, 
whereas the 300min chlorination showed an excess of CrCl2.  At least in the present 
work the iron transferred from the steel substrates was in the form of an iron oxide, 
however the initial chlorinated chromium specimen contained Cr2O3 and so may be 
related iron oxide formation.   
It should be noted that the XRD spectra did not contain a FeCl2 species.  In previous 
Chapter it was clearly shown that the reaction between solid CrCl2-3 and iron nitrides 
evolved CrN and co-produced FeCl2 - predominately as a gaseous species.  It was 
postulated in Chapter 3 that for iron chloride to form elemental Fe must diffuse out of 
the iron nitride substrate to the reaction interface.  This conformal contact experiment 
has largely confirmed this reaction mechanism.  It would appear that iron chloride has 
been removed from the system, presumably as a gaseous species.   
Finally, the microstructure of the nitrocarburised interface is shown in Figure 4.11.  It 
is clear that the interface reaction has formed a distinct and continuous layer by this 
conformal contact experiment.  The micrograph (Figure 4.11) shows the CrN layer 
formed on the nitrocarburised H13 sample from the coupling the process.  The CrN 
layer is shown to be dense, uniform and relatively thin (~1 μm).  It can also be seen 
from the micrograph that the original compound layer has decomposed during the 
coupling process.  Specific microstructural features and layer development are 
discussed in later sections. 
This work has clearly shown that discrete chromium nitride layers are able to be 
formed by a solid state reaction, while providing further insight into the mechanism 
and showing that Fe leaves the system.  In the following sections the formation of 
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CrN layers by the interaction of nitrocarburised surfaces with powdered CrCl2-3(s) is 
explored.  
Figure 4.9 XRD spectra of nitrocarburised H13 sample after coupling with Cr 
sample (a). un-chlorinated (b).5min chlorination (c). 1h chlorination (d). 5h 
chlorination 
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Figure 4.10 XRD spectra of Cr sample after coupling with nitrocarburised AISI 
H13 sample 
(a). 5min chlorination (b). 1h chlorination (c). 5h chlorination 
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Figure 4.11 CrN layer formed on nitrocarburised AISI H13 specimen after 
coupling with chlorinated chromium disc for 9h at 570°C (1h chlorination). 
 
4.2.3  CrN layer development by packed powder method 
4.2.3.1 The surface composition, phase analysis and microstructure of the 
interface after pack powder synthesis 
The GD-OES quantitative depth profiles for chromium and nitrogen resulting from the 
pack powered synthesis of nitrocarburised AISI H13 samples with high purity CrCl2 
and CrCl3, at 570°C for 9h, are shown in Figures 4.12 and 4.13, respectively.  The 
CrCl2 reagents were used in the as-received condition, and the CrCl3 due to the flakey 
morphology was prepared by grinding in a mortar and pestle to produce a finer 
consistency.  Each experiment was repeated ten times and two quantitative depth 
profiles were obtained per specimen.  In all trials the surface of the nitrocarburised 
AISI H13 specimen experienced significant chromium enrichment (55-65 weight 
percent), and a corresponding nitrogen enrichment.  These chromium and nitrogen 
concentrations are in agreement with the layers formed by the conformal contact 
experiments of the previous section.  This also correlates with the powder synthesis 
trials of the previous Chapter, where both CrCl2 and CrCl3 compounds were found to 
be effective in forming CrN layers on Fe2-4N particles.  Also shown in Figure 4.13 are 
5μm 
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the quantitative depth profiles for chromium and nitrogen for a control experiment, 
where electrolytic chromium powder (~10 μm particle size) was placed in contact with 
nitrocarburised AISI H13 under the same condition of time and temperature.  Again, 
this has confirmed for CrN formation it is necessary to incorporate a chlorinated 
chromium species in the reaction.     
It is clear from the chromium and nitrogen depth profiles in Figures 4.12 and 4.13 that 
the thickness of the chromium and nitrogen-rich region varies considerably.  This 
variability will be discussed in the next section in regards to contact area.  Quantitative 
depth profiles for Cr, N, Fe, C and O of a select analysis surface for both CrCl2 and 
CrCl3 packed are shown in Figure 4.14.  As for the conformal contact experiments iron 
was depleted from the nitrocarburised surface.  An XRD spectra of the CrCl2 powder 
after pack processing was performed (Figure 4.15).  Interestingly the powder revealed 
the presence of iron species, namely Fe and Fe2O3.  Thus it appears that there is an 
atomic exchange between the surfaces during the reaction, with chromium enriching 
the nitrocarburised surface and iron enriching the chromium CrCl2-3 surface.  XRD 
analysis of the nitrocarburised surface confirmed the formation of CrN for both 
chromium chloride species (Figure 4.15).      
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Figure 4.12 Quantitative depth profiles of (a). Chromium and (b). Nitrogen after 
packing a nitrocarburised AISI H13 specimen with CrCl2 powder at 570°C for 9h. 
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 Figure 4.13 Quantitative depth profiles of (a). Chromium and (b). Nitrogen after 
(i). packing a nitrocarburised AISI H13 specimen with CrCl3 powder at 570°C for 
9h. and (ii). packing with elctrolytic chromium powder 
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Figure 4.14 Quantitative depth profiles of  nirocarburised AISI H13 specimen 
after packing with (a). CrCl2 powder, and (b). CrCl3 powder, at 570°C for 9h. 
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Figur 4.15 XRD spectra of (a). CrCl2 coupled with nitrocarburised AISI H13 (b). 
CrCl3 coupled with CrCl3, at 570°C for 9h. (c). CrCl2 powder after coupling with 
nitrocarburised AISI H13. 
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4.2.3.2  Effect of powder particle size 
Before discussing the effect of reagent powder size it is worth reviewing the 
microstructures of the CrN layers formed.  Figure 4.16 shows two representative 
microstructures for each of the chloride reagents used.   It is clear that a uniform and 
continuous surface layer formed.  Again specific details of the microstructure are 
discussed in later sections.  The continuous nature the CrN layer was in fact somewhat 
unexpected using this pack powder method.  If a simple schematic of the expected 
contact is considered (Figure 4.17), it can be realized that the actual contact area of the 
CrCl2-3 species is quite limited. The reagent powders are not perfectly spherical, of 
course.  It was anticipated that discrete regions of contact would result in a rather 
locally inhomogeneous layer formation.  Accepting a solid-state reaction between the 
chromium chloride reagents and iron nitride, it can only be assumed that sufficient 
contact has been made.  Alternatively the layer growth can locally occur laterally to 
“fill in” regions of low contact.   
To explore the effect of particle size on layer uniformity the CrCl3 reagent was further 
ground to a finer consistency using a mortar and pestle.  The particle size distribution 
of the two CrCl3 reagent powders was determined by a Mastersizer analyser.  CrCl3 
was chosen as the particle analysis operates using a liquid suspension.  CrCl2 is soluble 
in water and alcohols, whereas CrCl3 is only slightly soluble in water and insoluble in 
ethanol.  Consequently the two prepared reagents were immersed in ethanol and the 
particle size distribution was determined.  It is seen in Figure 4.18 that the one powder 
set has a d50 of about ~15.4μm and the other ~3.5μm.  The two were also mixed (70:30 
ratio 15:3 μm) to determine if a higher packing density could be achieved by a bimodal 
distribution.   
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Figure 4.16 Micrographs of CrN layers formed on nitrocarburised AISI H13 
substrates packed with: (a)-(b). CrCl2 and (c)-(d).CrCl3 at 570°C for 9h. 
 
Figure 4.17 Schematic showing expected powder contact on the surface of 
nitrocarburised AISI H13 specimen. 
(a)
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Figure 4.18 Particle size distribution of CrCl3 powder ground using pestle and 
mortar. 
The powders were packed and heated to 570°C for 9h.  The thickness of the layer was 
determined from 20 GD-OES quantitative depth profiles for each powder condition.  
The layer thickness was taken as the point where the chromium concentration was 10 
weight percent higher than the substrate level.  Table 4.2 summarises the results.  It is 
seen that the thickness has not been increased by reduced powder size, however the 
variation (standard deviation) has been slightly reduced by decreased powder size and 
packing.  It is difficult to be conclusive but increased surface contact may have resulted 
in more consistent layer formation.    This work has shown that the powder pack 
method is a feasible process variant for forming continuous CrN layers, however layer 
uniformity is an issue.  In the next section the effect of providing a refreshed interface 
is explored.   
 
 
 
 
0
2
4
6
8
10
12
0.1 1 10 100 1000
vo
lu
m
e 
(%
)
Size dp (μm)
3.5μm
15.4μm
 140 
Table 4.2. CrN layer thickness after packed powder trials with various CrCl3 
powder sizes 
D50, 15μm D50, 3μm Bimodal 
1.56±0.98 1.65±0.56 1.61±0.47 
 
4.2.4 CrN layer development by fluidisation and agigation methods 
4.2.4.1 The surface composition, phase analysis and microstructure of the 
interface after gaseous fluidising synthesis 
In the previous section it was conclusively shown that continuous CrN layers can be 
formed by the packed powder synthesis route.  However, the layer thickness was 
inconsistent, perhaps by insufficient contact.  Further, it has been shown that the 
interface in a static system becomes complex, where chromium is deposited and iron 
diffuses outward from the steel surface.  This may limit the continued growth of the 
CrN layer.  In this section the effect of providing a refreshed contact interface is 
explored by the use of a fluidised bed.  To understand the experimental method applied 
in this work it is important first to discuss the powder characteristics required for 
adequate gas fluidisation.   
The behaviour of solid particles in fluidised beds depends predominantly on their size 
and density.  As not all types of particles can be adequately fluidised, particles are 
often categorised based on a variety of dimensionless criteria to evaluate the quality of 
fluidisation [126-130].  The hydrodynamic behaviour of solid particles fluidised by 
gases at ambient conditions has been examined by Geldart [129], where he classified 
particles into four groups, namely, A, B, C and D by particle mean size, dp, and density 
difference, ρs-ρg (Figure 4.19).  
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Figure 4.19   Power classification diagram [129] 
 
Geldart’s classic classification (Figure 4.19) can be used to determine the type of 
fluidisation expected for any solid particle of known mean particle size, dp, and 
density, ρs, at ambient conditions.  The classification chart can also be used to predict 
other properties such as the bubble size, bubble velocity etc. [126-130].  Group B 
called ‘sand like’ particles are most commonly used in fluidised beds for heat and 
surface treating of steels, such as for austenitising, carburising, nitriding, 
nitrocarburising etc.  The particles in this group have a size between 40-500μm and 
density from 1.4 to 4 g/cm3.  For these particles, once the minimum fluidisation 
velocity is achieved, the excess gas appears in the form of bubbles.  Group A particles 
having mean particle size of ~30-100μm and density < 1.4 g/cm3 are easily fluidised, 
with smooth fluidisation at low gas velocities without bubbles forming [126, 127, 129, 
130]. When the gas velocity is increased a point eventually arises where bubbles begin 
to form and the minimum bubbling velocity, μmb is always greater than μmf [129].  
Group C particles are termed ‘cohesive’ where the mean particles are very fine [129].  
These particles are extremely difficult to fluidise due to large inter-particle forces [129, 
130].  Group D particles are also difficult to fluidise due to the large and dense particles 
(>500μm) in this group.  These particles require very high gas velocities to fluidise the 
bed.   
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Given the densities and available powder sizes of CrCl2 and CrCl3, their use was 
limited in these trials.  Consequently, chlorinated electrolytic chromium powder 
(sieved to 50-100 μm) was used in these trials.  The powder was diluted with alumina 
(sieved to 100-150 μm) chlorinated in a fluidised bed reactor using a flowing stream 
of UHP HCl and argon (see Experimental section 2.2).  It was found that with 
concentrations of greater than 10 wt% chromium powder the bed of powder resulted 
in sintering.  Consequently a 10 wt% chromium bed was used in all trials.  In a similar 
way to the conformal trials, various chlorination times (5, 60, 300 min) were used.  
The experimental procedure was to first chlorinate the bed for the prescribed time at 
570qC, and then insert the nitrocarburised AISI H13 samples in the fluid bed after 
chlorination (more details about the fluid bed are contained in Chapter 2).   
As was described in the experimental method (Section 2.2) the bed was made up of 
10% Cr powder and 90% Al2O3 and was chlorinated with gaseous HCl for the 
prescribed time at 1% of the total volumetric flow rate (8.5 l/min).  The nitrocarburised 
AISI H13 sample was placed in the bed and treated for various durations and then 
allowed to cool to ambient temperature under an argon atmosphere.   
Initial trials were performed on rectangular nitrocarburised AISI H13 samples 
described in Section 2.2.  Ten trials were performed for each chlorination time and 
GD-OES quantitative depth profiling was performed on each surface.  It is seen in 
Figure 4.20 (60 min chlorination time) that the fluid bed process has produced surface 
layers compositionally similar to both the conformal and pack processes.  Shown are 
representative samples of profiles.  It is seen that the layer thickness is quite consistent, 
and for all analysed surfaces the layer thickness was 2.5 ± 0.5 μm.  XRD analysis 
(Figure 4.21) of the surface confirmed the formation of CrN, as per the conformal and 
pack powder processes, with quite strong peaks for CrN present due to the greater 
thickness and uniformity of CrN layers formed when compared to the conformal and 
packed powder methods.   
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Figure 4.20 Quantitative depth profile of AISI H13 samples after duplex 
chromising in a fluidised bed reactor for 4 hours. 
 
Figure 4.21 XRD spectra of nitrocarburised AISI H13 sample after fluidised bed 
chromising at 570°C for 4h. 
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It was shown earlier that chlorinating a chromium sample for 5mins, followed by 
coupling with a nitrocarburised AISI H13 specimen, formed a CrN of ~0.8μm, while 
increased chlorinating times lead to slightly thicker layers.  Figure 4.22 shows the 
kinetics of CrN layer growth with various chlorination times (5, 60 and 300mins).  It 
is evident from the kinetics profiles that chlorination times in excess of 1h do not result 
in a significant increase in CrN layer thickness.  The reduced kinetics of CrN formation 
with the 5min chlorination time may be associated with the increase in surface area of 
the bed material as opposed to chlorinating the chromium disc.  With the marginal 
difference in layer thickness produced by chlorinating the bed in excess of 1h the 
remainder of the fluidised bed method involves 1h of chlorination prior to the 
nitrocarburised specimens being inserted into the bed.  The growth rate of CrN layers 
by duplex salt bath chromising has been described to be parabolic which correlates 
with the kinetic profiles shown in Figure 4.22 [17].   
 
Figure 4.22 CrN layer growth kinetics after 5, 50, and 300mins of chlorination. 
Due to the apparent uniformity of the layer developed by fluid bed processing this 
process route was used to understand the layer development stages.  The layer 
development involved chlorinating the bed for 60mins followed by inserting the 
nitrocarburised samples in the bed for treatment times of 10mins, 1, 4, and 24 hours.  
The quantitative depth profiles for the chromium and nitrogen development are shown 
Figure 4.23.   
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After a short period (10mins) of the chromium treatment (chromising) of 
nitrocarburised AISI H13 a chromium and nitrogen peak formed at the near surface 
(Figure 4.23).  As seen earlier with the pack and conformal processes the nitrogen and 
chromium peaks correlated having coinciding peaks.  In comparison to the nitrogen 
profile produced by nitrocarburising AISI H13, the profile after the chromising shows 
a broad nitrogen peak (30wt.%) followed by the original compound layer with a lower 
nitrogen content.  The nitrogen profile after chromising, and the correlating chromium 
profile, suggests nitrogen from the compound layer diffused towards the surface where 
chromium has diffused.   As well as nitrogen diffusing towards the surface, the original 
compound layer has decomposed, allowing nitrogen to diffuse out of the ε-iron 
carbonitride structure and towards the core.   
After 60 mins of chromising the nitrogen peak at the near surface region increased in 
concentration when compared to the 10min treatment, although the thickness was 
practically the same.  The original compound layer of the nitrocarburised AISI H13 
was retained after 60mins however with a lower nitrogen content relative to the 10min 
treatment.  Increasing the chromising treatment time to 4h and onwards (up to 24h) 
resulted in complete decomposition of compound layer while the nitrogen 
concentration at the surface increased (Figure 4.23(b)).   
Only a small quantity of chromium diffused into the surface of the nitrocarburised 
substrates during the early periods (10-60mins) of chromising.  Although the diffused 
quantity of chromium was low with the 10min treatment it was adequate to drive 
nitrogen diffusion towards the surface, with the quantitative depth profiles of 
chromium and nitrogen coinciding.  Despite the depth of chromium diffusion being 
practically the same for the 10 and 60 minute treatments the concentration of 
chromium for the 60min treatment was much higher (30 wt.% compared to 70wt.%).   
The quantity of chromium diffused and the thickness of the chromium-enriched region 
increased with prolonging chromising time of the nitrocarburised AISI H13 substrates 
(Figure 4.23(a)).  It was found that a high level of chromium (≥65wt.%, Figure 4.23(a)) 
diffused on all nitrocarburised AISI H13 specimens for chromising times beyond1h.  
While the thickness of the chromium and nitrogen-enriched region increased from 
~0.8μm in the first 1h of chromising to 2.0-3.0μm after 4h, the thickens after 24h only 
increased to ~3.6μm exhibiting parabolic growth, which is discussed further on the 
microstructural development of the CrN layer. 
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It was previously established that chlorinating chromium at 570°C yields solid 
chromium chloride (CrCl2(s)).  These results show that it is possible for chlorinated 
chromium powder to deposit and diffuse chromium into nitrocarburised AISI H13 
substrates to form CrN layers.  Furthermore, the CrN layers formed are comparable to 
those using the high purity chromium chloride reagents, however with greater 
repeatability and uniformity.  The quantitative depth profiles of chromium and 
nitrogen (Figure 4.24) of four nitrocarburised AISI H13 specimens chromised in a 
fluidised bed depict this repeatability.    Other than chromium and nitrogen, the layers 
also contained small quantities of iron, carbon and oxygen (Figure 4.25). 
The quantity of chromium diffused was sufficient to form distinct layers on the 
nitrocarburised AISI H13 substrates, with a thickness correlating to the quantitative 
depth profiles of chromium and nitrogen.  Figure 4.26 (a)-(d) shows the optical 
micrographs of the CrN layers produced on nitrocarburised AISI H13 substrates after 
10mins, 1,4 and 24h respectively, while (e)-(h) show the respective CrN layer and 
diffusion zone.  The short chromising time (10mins) shows a very thin CrN layer to 
have formed with the original compound layer very much unchanged.  After 60mins 
of chromising the CrN layer formed is seen to have slightly increased in thickness 
while the original compound layer has clearly begun to decompose.  Prolonging the 
chromising beyond 1h to 4h resulted in a marked increase in the thickness of the CrN 
layer formed and complete decomposition of the original compound layer.   After 24h 
of chromising the thickness of the CrN layer increased only slightly compared to 4h 
of chromising.  The micrographs and quantitative depth profiles together show the 
development of CrN formation to occur by nitrogen diffusing towards the surface to 
the depositing chromium, leading to the formation of a CrN layer and the 
decomposition of the original compound layer.    
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Figure 4.23 Quantitative depth profiles of nitrocarburised AISI H13 sample after 
fluidised bed chromising for (i). 10min (ii). 1h (iii). 4h and (iv). 24h (bed chlorinated 
for 1h) 
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Figure 4.24 Quantitative depth profiles of fluidised bed chromising at 570°C for 
4h (a). Chromium profiles (b). Nitrogen profiles 
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Figure 4.25 Quantitative depth profile of nitrocarburised AISI H13 sample after 
fluidised bed chromising at 570°C for 4h. 
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Figure 4.26 Optical micrographs of CrN layer development by chromising in the 
fluidised bed (1h of chlorination) after 10min, 1h, 4h, and 24h. (a).-(d). x2000 
showing CrN formed; (e).-(h). x500 showing diffusion zone. (3% nital etch).  
As reported by Cao [17, 21, 22], with low-temperature salt bath chromising of nitrided 
tool steels, the CrN layer forms quickly in the early stages of chromising and only 
slightly increased in thickness with increasing chromising time, which correlates to the 
parabolic growth in the present work (Figure 4.22).  Three sub-layers have been 
reported to develop in forming CrN layers on nitrided or nitrocarburised H13 tool steel 
substrates by salt bath chromising at 500-590˚C [17, 22]. Cao [21] describes the three 
sub-layers (Figure 4.27) (C1, C2 and D) formed within and at the expense of the 
original compound layer (C).  The near surface region C1 is composed of single-phase 
CrN, sub-layer D is composed of a mixture of CrN and α-Fe, while sub-layer C2 is 
composed mainly of Fe4N.  As chromising time is increased the sub-layer (C2 + D) 
eventually becomes a single sub-layer D with the C2 sub-layer decomposing [21].  As 
shown in the micrographs (Figure 4.26 (c) and (d)) the region directly below the CrN 
layer is the region of the decomposed compound layer, sub-layer D.  This region can 
be distinguished by the greater sensitivity to the nital etch, appearing dark under optical 
examination.  This dark region has been reported by various researchers in both salt 
50μm 
50μm 
10μm 
10μm 
(c).
(h). 
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bath and duplex PVD processes [8, 21, 22, 131], and described to be comprised mainly 
of α-Fe.  The black layer has been shown to be a product of the decomposition of the 
outer part of the iron-carbonitride layer during the duplex process, which leads to the 
transformation of  Fe2-3N→Fe4N→α-Fe [21, 131].   
 
Figure 4.27 Schematic of CrN surface layer microstructural development on 
nitrocarburised AISI H13 tool steel. 
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In addition to the three sub-layers, another feature observed in the SEM images (Figure 
4.28) were voids formed underneath the CrN layer.  Cao [22] also reported the 
presence of voids in salt-bath chromising at 500°C of 0.45wt.% plain carbon steel.  
The voids are believed to form as a result of the aggregation of the vacancy flux from 
the outer surface into the substrate, where the vacancy flux is formed due to a mismatch 
between the diffusion rates of Cr and N at low-temperatures [22].   
The micrographs (Figure 4.26) in addition to the CrN layer and adjacent dark region 
show an increase in the depth of the original diffusion zone.  The depth of the original 
diffusion zone was 90 microns increasing to 100, 130 and 190 microns after 1,4 and 
24h of chromising, respectively.  The increase in diffusion zone with prolonging 
chromising time correlates to the three ways in which nitrogen atoms can be released 
from the ε-iron carbonitride structure, namely: (i). they diffuse outward to the surface 
and react with the incoming chromium to form CrN; (ii). they recombine with each 
other to form N2; and (iii). they diffuse inward to transform the adjacent substrate [21].  
The increase in the diffusion zone depth with increasing chromising time confirms the 
inward diffusion of nitrogen in addition to the outward diffusion required for CrN 
formation.   
 
Figure 4.28 SEM image of CrN layer formed nitrocarburised H13 specimen at 
570°C for 4h. 
2Ɋ 
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4.4.4.2  CrN layers formed by vibratory agitation  
As discussed in the Literature review in Chapter 1, the optimum flow rate in gaseous 
fluidised beds which offers maximum heat and mass transfer is aggregative or 
bubbling fluidisation, and is typically 2-3 times the minimum fluidisation [54].  With 
this type of fluidization the bed is divided into two phases, the bubble phase and the 
emulsion phase [126]. The bubbles are very similar to gas bubbles formed in a liquid 
and behave in a similar manner where they coalesce as they move throughout the bed 
[126].  The surface of immersed objects in fluidised beds strongly affect the bubble 
behaviours [132].  The movement of particles in fluidised beds is also known to depend 
largely on bubbles rising through the bed.  As the size of the immersed objects increase 
so too does the degree of influence from bubble behaviour [132].  However, Gao [132] 
emphasised the lack of literature available on the influence of immersed objects with 
complex shapes on the dynamics of fluidised beds.  Gao [132] consequently examined 
the particle dynamics in fluidised beds with both single and multiple parts immersed 
in the bed using a 2-D fluidised bed model.   
The findings of the experiments performed by Gao [132] showed a strong influence 
on the fluidisation behaviour by immersed objects, such as; formation of gas bridges 
or gas channels, particle stagnation, and large gas phases.  As in earlier sections, CrN 
formation between CrCl2-3 or chlorinated Cr and nitrocarburised AISI H13 substrates 
occurs via a solid-state route.  In the previous section it was shown that CrN layers 
could be formed on nitrocarburised AISI H13 substrates in a fluidised bed reactor.  The 
CrN layers were applied to thin (4mm) H13 coupons.  However, the factors determined 
by Gao [132] need to be considered for applying this solid-state chromising process to 
larger and more complex objects in fluidised beds. For example, Gao [132] 
demonstrated that stagnation was seen on the top of flat objects and in narrow gaps 
between parts, which can be an issue in treating large objects or thin sections such as 
die cavities, while large gas phases formed at the bottom of parts, in particular square-
section parts and closely arranged parts.  However, it is mentioned that fluidisation can 
be improved by optimising the arrangement of parts and their orientation in the bed to 
overcome the issues discussed [132].  If the chromising process in a fluidised bed was 
based on gaseous reaction rather than solid-solid then the aforementioned influences 
of immersed objects would not present such an issue.  However, in the present study 
CrN forms by a solid-state reaction, thus optimal contact is desired. This section aimed 
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to use an alternative method of refreshing chlorinated chromium powders on the 
surface of nitrocarburised AISI H13 specimens. 
The vibratory method which produced the thickest and most uniform CrN layers was 
Trial 2 (2mins vibration on, 10mins off), while Trials 1 and 3 produced very thin and 
non-uniform layers.  Two quantitative depth profiles were obtained from each of the 
six sides of the cube using GD-OES.  Figure 4.29 shows a comparison of the 
quantitative depth profiles of a AISI H13 cube chromised using the fluidised bed 
method (Figure 4.29(a)-(c)) and the vibration method (Figure 4.29(d)-(f)). 
The top surface of the AISI H13 cube when chromised using the FBR method 
produced a 1-1.5μm CrN layer with the maximum Cr content at the surface varying 
between 40-55wt%.  Meanwhile, the vibration chromising method produced a thicker 
(~2μm) and more uniform CrN layer on the top surface of the AISI H13 cube.  Thus, 
the vibration method of chromising improved CrN growth and uniformity on the top 
surface of the cube when compared to the fluidised bed method.  The improvement of 
the chromium diffusion on the top surface by the vibration method is likely to have 
arisen due to the agitation of the powder, whereas the powder in the fluidised bed 
method would most likely have been stagnant as demonstrated by Gao [132], hence its 
limited growth. 
When comparing the GD-OES results of the four sides of the H13 cubes chromised 
using the fluidised bed and vibration methods (Figures 4.29 (b) and (e)), both methods 
produced uniform CrN layers, however the fluidised bed method produced slightly 
thicker CrN layers.  The fluidised bed method produced CrN layers of 1.5-3μm with a 
maximum Cr content of ~65wt%, while the vibration method produce CrN layers of 
1-2μm and a maximum of ~58wt% Cr.  Thus, the vibration method did not show an 
improvement over the fluidised bed method, other than for the top surface.  The fact 
that the fluidised bed method showed improved layer formation and uniformity than 
the vibration method and pack methods is quite remarkable when considering the short 
residence time of the powder on the nitrocarburised H13 specimen, and that the bed is 
composed of only 10% chromium powder (discussed further in General discussion).   
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Figure 4.29  Quantitative depth profiles of CrN layers formed on the top, sides and 
bottom of the AISI H13 cubes using the fluidised bed and vibration chromising 
methods:  (a). FBR – top (b). FBR- sides (c). FBR bottom (d). Vibration – top (e). 
Vibration – sides and (f). Vibration – bottom. 
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4.3 General Discussion 
Four solid-state methods of forming CrN surface layers on nitrocarburised AISI H13 
tool steel have been successfully examined in this Chapter.  In this study it has been 
clearly demonstrated that a CrN surface layer can be formed on nitrocarburised AISI 
H13 tool steel by a solid-state reaction, with either high purity CrCl2-3, or chlorinated 
chromium.  The CrN layers formed on the nitrocarburised AISI H13 specimens by 
nitrogen diffusing outwards from the original compound layer and towards the surface, 
where a reaction with the chromium chloride species allowed chromium to diffuse 
inwards.  In addition to chromium and nitrogen diffusing in opposite directions and 
forming a distinct CrN layer, iron was also seen to diffuse outwards during the reaction 
and interact with the chromium chloride species, adding further complexity to the 
reaction mechanism found in the previous Chapter. 
Conformal contact between a nitrocarburised AISI H13 specimen and a chlorinated 
chromium sample provided further information to the reaction mechanism discovered 
in Chapter 3.  Firstly, it is imperative to note that chlorinating chromium at 570°C 
forms solid CrCl2(s).  In this particular case it was seen that a thin CrCl2(s) film formed 
on the chromium substrate.  Although the thickness of the CrCl2(s) film could not be 
determined quantitatively, based on the approximate Cu-Kα X-ray penetration (Figure 
4.6), it was estimated to be no more than 4 microns.  Following chlorination of the 
chromium sample and confirming the chloride species formed, it was verified that 
coupling the chlorinated chromium substrate with a nitrocarburised AISI H13 
substrate resulted in the formation of a thin and continuous CrN layer.  Despite longer 
chlorination times forming an increased quantity of CrCl2(s) on the chromium sample 
(Figure 4.8 and Table 4.1) it only translated to marginal increases in the thickness of 
the CrN layers formed.  The difference in thickness between the CrN layer formed 
after 1 and 5 hour chlorination times was only about 0.3μm.  It was also demonstrated 
that even a short (5 min) chlorination time was adequate to form a ~0.8μm CrN layer.   
Post analysis of the chlorinated chromium disc after conformal contact with the 
nitrocarburised AISI H13 specimen revealed further information on the solid-state 
reaction mechanism.  In particular it was clear that iron from the AISI H13 substrate 
had diffused outwards.  This was evidenced by the quantitative depth profiles of the 
chlorinated chromium sample after coupling, showing up to 4 microns of iron diffusion 
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into the chromium sample surface, with a maximum iron content at the near surface of 
~30-50wt.%.  The low iron concentration in the nitrocarburised AISI H13 specimen 
after coupling may be associated with the diffusion of iron from the nitrocarburised 
H13 specimen to the chromium sample surface.  In accordance with the quantitative 
depth profiles showing iron diffusion into the chromium sample, XRD analysis 
similarly showed the presence of small iron peaks on the surface of the chromium 
sample.  XRD analysis of the chromium disc after coupling (with 1h chlorination) 
showed that all the CrCl2(s) was consumed in the reaction, while with 5h of chlorination 
there was excess CrCl2(s).  The excess CrCl2(s) after coupling with the nitrocarburised 
AISI H13 substrate indicates CrN formation is possibly limited by the diffusion of 
chromium or nitrogen and not by the availability of the chromium chloride species.   
The packing of high purity CrCl2-3 on a nitrocarburised AISI H13 specimen formed 
CrN layers.  The CrN layers formed using the high purity CrCl2-3 reagents varied in 
thickness across the surface of the nitrocarburised AISI H13 specimens. It was shown 
(Figures 4.12 and 4.13) that the CrN layer thickness varied from 0.5-2.8μm.  However, 
despite the varying thickness across regions of the AISI H13 specimen microstructural 
examination of the layers showed that the layers were continuous.  Based on the 
packing density and actual powder contact made with the nitrocarburised surface 
(Figure 4.17) it was expected that a CrN layer would form, but in discrete regions due 
to the aforementioned factors.  On the contrary, microstructural examination (Figure 
4.16) showed continuous CrN layers.  Furthermore, reducing the powder size did not 
show an increase in the layers formed, but some indication of improved uniformity.   
Following the packing of chromium chloride with the nitrocarburised AISI H13 
substrate the chromium chloride powder was collected and examined by XRD analysis 
(Figure 4.15).  The phases detected were CrCl2, Cr2O3, CrCl2(H2O)2, and Fe.  As with 
the conformal contact between the chlorinated chromium sample and nitrocarburised 
AISI H13 substrate, iron diffused out of the AISI H13 specimen to interact with the 
chromium chloride species.  It is clear by the work in this and the previous Chapters 
that iron diffuses out of the steel substrate.  In the previous Chapter it was discussed 
as to what effect the FeCl2 phase had on the CrN layer interface and the chromium 
chloride species in terms of continued layer growth.  In the conformal coupling and 
static powder methods examined a similar question arose as to what influence the 
diffusion of iron outwards has on the growth and kinetics of CrN formation?  Initial 
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considerations were that the outward diffusing iron would eventually hinder chromium 
diffusion into the nitrocarburised AISI H13 specimen.  The possible hindering of 
ongoing CrN formation by outward diffusing Fe, and interacting with the chromium 
chloride species, lead to refreshing the chromium chloride species on the surface of 
the nitrocarburised AISI H13 substrates.  By allowing ‘fresh’ chromium chloride 
powders to interact with the nitrocarburised AISI H13 substrate it was thought that the 
uniformity, thickness and kinetics of CrN layers could be improved.  To achieve 
refreshing powders the process was performed using a fluidised bed reactor. 
Limited by the particle size, density and cost of high purity chromium chloride 
reagents, the refreshing powder used for the fluidised bed approach involved 
chlorinated chromium metal powder.  It was shown that chlorinating chromium at 
570°C forms solid CrCl2(s), and it was possible to form the species in-situ in a fluidised 
bed reactor.  It was experimentally determined that a bed composed of a mixture of 
aluminium oxide powder and chromium powder, 90% Al2O3 – 10% Cr powder was 
optimal for use in a fluidised bed reactor.   The bed material was chlorinated using HCl 
gas at 1% of the total gas flow for various times (5, 60, 300 mins).  It was shown 
(Figure 4.22) that the thickness of the CrN layers formed after chlorinating the bed for 
1h were comparable to those formed after 5h of chlorination.   As seen with the 
conformal coupling experiment where a 5h chlorination was applied, excess chromium 
chlorides prior to coupling with a nitrocarburised AISI H13 sample did not correspond 
to a significant increase in CrN layer thickness.  It was established that 1h of 
chlorination to form CrCl2(s) was sufficient to interact with the nitrocarburised AISI 
H13 specimens.   
As previously reported in the literature the development of the CrN layer, at 570°C, 
was formed at the expense and decomposition of the prior nitrocarburised compound 
layer by the transformation path ε-Fe2-3N→γ’-Fe4N→α-Fe [21, 22].  The nitrogen 
from the compound layer diffused to the surface towards the depositing chromium to 
form CrN.  In addition to nitrogen diffusing outwards it was also seen to diffuse 
inwards by the increase in the diffusion zone with increased chromising time.  A dark 
etching region directly beneath the CrN layer was also observed and corresponds to a 
α-Fe phase reported by Cao [21, 22] and other researchers in low-temperature duplex 
processes [8, 131].  The CrN layers formed using the fluidised bed method in this study 
are thinner than those formed by Cao [22] at 550°C (~7.4 microns) using the salt bath.  
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The increased layer thickness and kinetics by the salt bath processing method 
performed by Cao [22] is likely to be associated with the different media used and a 
different reaction mechanism in the salt bath.   
Comparing the CrN layers formed using a fluidised bed reactor to the static, conformal 
and pack methods, it is evident that the static approach is limited due to the complex 
phases forming at the CrN-CrCl interface.  The fluidised bed approach consistently 
formed a CrN layer thickness of around 2.6μm with only 4 h of processing, while the 
pack method formed CrN layers varying between 0.5-2.8μm with 1-24 h of processing.   
The fluidised bed chromising applied in this work offers advantages over using high 
purity chromium chloride reagent powders, in that the species can be formed in-situ at 
a significantly lower cost by chlorinating chromium powder.   
At this stage it is pertinent to discuss the interaction of the powders in a fluidised bed 
with an immersed surface.  The knowledge of particle residence time (τr) at the walls 
of fluidised beds is essential to model the heat transfer in fluidised beds [133-135].  
The residence time cannot be easily measured or predicted [133-135].  Various 
techniques to measure particle-wall contact time include direct techniques, using video 
cameras, and indirect techniques, which use temperature and capacitance 
measurements [133-135].    Another approach used to model heat transfer in fluidised 
beds is the particle-based model [134, 135].  While various techniques and models 
exist to determine residence time, in general it is reported to be very short for bubbling, 
or aggregative fluidisation, with the consensus showing that it is generally less than 
~1.6s [134, 135].  Considering this very short residence time, in addition to the bed 
material used in the fluidised bed approach (composed of 10% chromium powder), of 
which only a thin film being composed of CrCl2(s) after chlorination, it is surprising 
such uniform and thick CrN layers formed.  The residence time and thin CrCl2(s) film 
formed on the chlorinated chromium powders clearly demonstrates that the reaction to 
form CrN is very rapid in forming a distinct and continuous layer.   
The comparison of static chromium chlorides as opposed to being dynamic and 
constantly moving was highlighted in the CrN layers formed by the various methods 
investigated.  As an alternative to refreshing and moving powders on the surface of the 
nitrocarburised specimens, a vibratory approach, where the powders were agitated at 
regular intervals, was explored.  It was shown by Gao [132] that fluidisation and 
subsequently powder interaction with an immersed object can be affected by factors 
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such as; stagnation, gas pockets, gas bridging and gas channelling.  Considering the 
solid-solid diffusional nature of CrN formation between Fe2-4N and CrCl2(s), and the 
positive effect of moving powders on layer thickness, uniformity and kinetics, the 
fluidised bed approach would be limited to parts which do not result in the interaction 
issues determined by Gao [132].  As such the vibratory method was examined and 
compared to the fluidised bed approach.  In short the vibratory method of forming CrN 
layers between chlorinated chromium powder and a nitrocarburised AISI H13 
specimen did not result in improved layer thickness and uniformity.  However, the use 
of vibratory fluidised beds, using ultrasonic vibrations, could be the subject of further 
study. 
The fluidised bed chromising method applied in this work could be extended towards 
forming CrN layers on tool steels such as, AISI H13 for hot-forming metal 
applications.  CrN surface layers exhibit high hardness in addition to high chemical 
inertness, which offer enhanced wear and soldering resistance.  Chromium nitride 
layers have been shown to exhibit improved tribological behaviour over conventional 
nitrided extrusion dies in extruding aluminium [4-6, 32, 108].  Gulizia [136] has shown 
that in high pressure dies casting of aluminium, that molten aluminium has a tendency 
to react with the AISI H13 tool steel die, core pins and inserts.  The soldering of 
aluminium to dies, core pins and inserts has been shown to be significantly reduced by 
the application of surface treatments such as TiN, TiCN and CrN [3-5, 108, 136-140].  
Arai [13] has also shown that the wear found on a vanadium carbonitride coated steel 
at low sliding velocity of 6μm thickness offers no improvement over one with 2μm 
thickness.  The CrN layers formed on AISI H13 tool steel, using the fluidised bed 
approach in this work, are capable of being applied to AISI H13 dies, core pins and 
inserts similar to other processing methods such as PVD and salt bath.   
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4.4 Summary 
In this Chapter four methods of forming chromium nitride surface layers, between 
chromium chlorides and nitrocarburised AISI H13 tool steel were explored.  The first 
two methods involved a static coupling of a chromium chloride species with a 
nitrocarburised AISI H13 specimen, while the final two methods involved moving 
powders, constantly refreshing the surface of the AISI H13 specimen with chromium 
chlorides.  The resulting layers formed by the various processing methods were 
examined by quantitative depth profiling (GD-OES), XRD analysis and microscopy 
techniques.  The main findings from this study are: 
- Chlorinating chromium metal in a fluidised bed with HCl gas forms a solid 
CrCl2(s) film on the surface of the chromium metal.  The formation of solid 
CrCl2(s) correlates with thermochemistry estimations shown in Chapter 1 
(Figure-1.1). 
 
- Post analysis of the chlorinated chromium disc after conformal coupling with 
a nitrocarburised AISI H13 specimen confirmed iron diffusion out of the AISI 
H13 substrate and into the chromium substrate.  The concentration of iron was 
highest at the near surface of the chromium disc (40-50wt.%) and reduced to 
zero after ~4μm into the disc.  
 
- XRD analysis of the chromium chloride powder after packing with a 
nitrocarburised AISI H13 specimen also revealed the presence of iron.  It is 
clear from the work in this Chapter and the preceding Chapter that iron diffuses 
out of the steel surface during CrN formation. 
 
- The packing of CrCl2-3 on a nitrocarburised AISI H13 substrate produced 
continuous CrN layers, but with varying thickness throughout the surface.  It 
is possible that the diffusion of iron outwards and interacting with the CrCl2-3 
powder hinders further growth of chromium.  The iron diffused into the 
chromium chloride species may act as a barrier. 
 
 
 162 
- While all the methods examined produced CrN layers, the fluidised bed 
approach produced superior layers to the other three methods examined. The 
conformal, pack and vibratory methods formed CrN layers with varying 
thickness and uniformity. The constant refreshing of chlorinated chromium 
powder on the surface of the nitrocarburised AISI H13 specimen, in the 
fluidised method, had a positive effect on the uniformity, thickness and kinetics 
in forming a CrN layer. 
 
- Chlorinating chromium powder in excess of 1 h did not translate to an increase 
in CrN layer growth or kinetics despite the greater quantity of chromium 
chlorides available for reaction.  
 
- The reaction in forming CrN is believed to occur very rapidly to form a distinct 
and continuous layer.  This is supported by the very short particle residence 
time (<1.6s) associated with fluidised beds.   
 
- CrN layers of up to 3.0μm were formed on nitrocarburised AISI H13 
specimens in 4 h of chromising in a fluidised bed reactor, with a 1 h 
chlorination of the chromium powder. 
 
- The fluidised bed method of forming CrN layers examined in this work could 
be applied to AISI H13 tool steels for aluminium metal forming applications, 
where it has been shown to significantly reduce soldering issues and wear 
resistance of dies, core pins and inserts.   
 
 
 
 
  
 163 
Chapter 5 
 
Conclusions and Future Work 
 
 
5.1 Conclusions 
The work in this thesis demonstrated the ability to form CrN at low-temperatures (570-
700°C), by a previously unreported solid-state diffusion reaction between iron nitrides 
(Fe2-4N) and chromium chlorides (CrCl2-3).  The work was composed of a fundamental 
study and an applied study.  The fundamental study involved examining the reactions 
between an iron nitride compound (Fe2-4N) and two chromium chloride compounds 
(CrCl2/3) at various temperatures and times, while the applied study, using the known 
reaction mechanism, examined various techniques to form CrN surface layers on bulk 
AISI H13 tool steel samples.  
In the fundamental study, control experiments between high purity Fe2-4N and Cr 
powders (1:1 ratio), were first carried out at various temperatures, to show that CrN 
formation in the temperature range of 450-700°C is thermodynamical unfavourable.  
Subsequently, trials were carried out between mixtures of high purity reagents 
involving Fe2-4N and CrCl2-3 powders and reactions between synthesised 
nitrocarburised Fe and chlorinated Cr powder.   
The trials between Fe2-4N and CrCl2-3 were carried out at various temperatures (450, 
570 and 700°C), times (1, 9, and 24h at 570°C) and ratios (3:1 and 1:3).  Synthesis at 
450°C only showed a limited reaction to occur, with EDX maps revealed a thin layer 
of chromium enrichment on the surface of the Fe2-4N particles; however XRD analysis 
showed no evidence of CrN formation.  Synthesis at 570°C and 700°C both resulted 
in the formation of CrN in the product powder between all mixtures of Fe2-4N and 
CrCl2-3.  Likewise, CrN formed in the product powder at 570°C for all synthesis times 
of 1, 9 and 24 hours.   
Microscopy and EDX analysis of the product powders showed that CrN formed as a 
thin shell (1-1.5μm thickness) around the decomposed Fe2-4N particles.  In a similar 
mechanism to thermo-reactive diffusion processes, nitrogen from the Fe2-4N particles 
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diffused towards the surface to the depositing Cr to form CrN.  Rietveld quantitative 
analysis revealed that the proportion of CrN formed in the product powder slightly 
increased with longer synthesis times while the quantity of Fe4N decreased.  In contrast 
to solid-state metathesis reactions involving an exothermic and self-sustaining reaction 
to form transition metal nitrides, the solid-state reactions in this work did not exhibit 
such characteristics which was also confirmed by DSC and TGA.  However, during 
the heating to the synthesis set point temperature a condensate was observed on the 
outlet of the quartz tube at and above a reaction temperature of ~300°C.  The 
condensate was collected and analysed using XRD and confirmed to be iron chloride 
hydrate (FeCl2(H2O)2-4).  It is suspected that FeCl2 gas evolves from the product 
powder and condenses on the cooler outlet of the quartz tube, and upon collection 
forms a hydrate due to its hygroscopic nature. XRD analysis of the product powder for 
trials at 570°C also revealed small amounts of solid FeCl2.  Thus, the reactions between 
mixtures of Fe2-4N and CrCl2-3 yields not only CrN, but additionally gaseous and solid 
FeCl2, resulting in a complex reaction mechanism.  The complexity of the reaction can 
be appreciated by Fe diffusing out of the Fe2-4N phase, through the CrN interface and 
through the CrCl2-3 layer.  Despite the complexity of the reaction mechanism the 
general reaction can be summarised as follows: 
CrCl2-3 (s)   +   Fe2-4N(s)                    Fe(s)  +   CrN(s)   +   FeCl2(s)(g) 
Solid-state experiments between nitrocarburised Fe powder and chlorinated Cr powder 
at 570°C for 9h also produced CrN with similar characteristics to those conducted 
using the high purity reagents.  However, the quantities of CrN formed was relatively 
reduced. Despite the lower quantities of CrN produced with the synthesised reagents 
the result led to exploring various methods of forming CrN films on AISI H13 tool 
steel samples.   
Aluminium metal forming operations are largely performed using AISI H13 tool steels 
which are surface treated using one of many surface engineering techniques.  Duplex 
surface engineering techniques forming CrN on AISI H13 tool steels have become 
popular in recent times due to improved wear and soldering resistance over traditional 
nitriding and nitrocarburising methods.  By performing a pre-cursor nitrocarburising 
surface treatment to AISI H13 tool steel samples, and applying the solid-state reaction 
mechanism discovered in this work, it was shown that uniform CrN layers of up to 
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3.5μm in thickness can be formed on the AISI H13 tool steel samples.  Various 
methods of forming CrN layers were explored where the reagent chromium chloride 
species were either static (packed method) or dynamic (fluidisation/agitation 
methods).   
As was shown with the solid-state trial involving synthesised powders (i.e. 
nitrocarburised iron and chlorinated chromium) it is possible to form the chromium 
chloride species by chlorinating chromium powder with HCl gas.  The benefit of 
forming the chromium chloride species by this approach means the reagent can be 
formed in-situ, providing an alternative to expensive high purity reagents.  To confirm 
which chromium chloride compound forms when chromium is chlorinated with HCl, 
a high purity Cr sputter target (Cr disc) was chlorinated (1% HCl) in an inert 
atmosphere, where XRD phase analysis confirmed solid CrCl2 to be the species 
formed.  It was also shown by XRD and Rietveld analysis that by applying longer 
chlorination times more CrCl2 was formed on the Cr sputter target.  Despite the greater 
quantity of CrCl2 formed with longer chlorination times it did not translate to thicker 
or improved CrN layer growth kinetics.  This was demonstrated by coupling a 
nitrocarburised AISI H13 tool steel sample with the chlorinated chromium disc after 
being chlorinated for 5, 60 and 300 mins.  It was seen for the various chlorination times 
that a ~1-1.5μm CrN layer formed.  In addition to a uniform CrN layer being formed 
on the nitrocarburised AISI H13 sample by conformal coupling with a chlorinated 
substrate, quantitative depth analysis of the chromium substrate showed iron had 
diffused out and into the surface of the chromium disc (up to 4μm).   
Similarly to the solid-state experiments involving Fe2-4N and CrCl2-3 powders, it was 
shown that CrN formed on nitrocarburised AISI H13 tool steel specimens when packed 
with either CrCl2 or CrCl3 powder.  Packing the surface of a nitrocarbursied AISI H13 
sample with CrCl2/3 for 9h produced CrN layers of 0.5-2.8μm in thickness.  Optical 
microscopy showed that the thickness of the CrN layers formed by the pack method 
varied despite a continuous layer being formed.  Iron was also demonstrated to diffuse 
outwards from the AISI H13 substrate during the packing process and interact with the 
chromium chloride species.  In addition to the FeCl2 phases detected in Chapter 3 this 
aspect of the reaction mechanism requires further investigation. 
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In comparison to the CrN layers formed using the packing method, the fluidisation 
method, where the CrCl2 species was formed in-situ and constantly replenished on the 
surface of the H13 sample, formed uniform CrN layers of up to ~3μm in thickness in 
only 4h of treatment time.  The increased kinetics of CrN formation by the fluidisation 
method may be associated with the aggregative bubbling of the powder, possibly 
breaking down the various interfaces between the CrCl2 species and the CrN layer 
when compared to the thinner CrN layers formed using the high purity reagents with 
the packing method.   As an alternative to refreshing powders on the AISI H13 samples 
surface using fluidisation methods, agitation using a vibratory device was also 
explored.  However, the CrN layers formed using the agitation method were not as 
uniform as those produced using the fluidised bed.   
In summary it has been shown in this work that CrN can be formed by solid-state 
routes between Fe2-4N and CrCl2-3(s).  It was also shown that the discovered reaction 
mechanism could be applied to bulk materials to form uniform CrN layers up to 3.5μm 
in thickness on nitrocarburised AISI H13 tool steel. 
5.2 Suggestions for Future Work 
Based on the findings in this work the following recommendations are proposed for 
further investigation: 
(i). Further understanding of the reaction mechanism: 
x It was shown that FeCl2 was formed both as a solid and gas during the synthesis 
between powder mixtures of Fe2-4N and CrCl2/3.  It was also shown by 
quantitative depth profiling, and XRD analysis that Fe diffuses out from the 
nitrocarburised AISI H13 specimen and interacts with the chromium chloride 
species.  Iron diffusing out of the AISI H13 substrate adds complexity to the 
reaction mechanism, such as in sustaining CrN formation.  Exploring the 
reaction interface with solid-state nuclear magnetic resonance (NMR) may 
allow further understanding to the iron phases being formed and subsequently 
to the CrN reaction mechanism. 
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x There is scope to explore solid-state reactions between Fe2-4N and other 
transition metal chlorides, such as TiClx and VClx to form TiN and VN at low-
temperatures.  The same experimental procedure as the study of the reaction 
between chromium chloride and iron nitride in this work could be applied to 
these metal chloride powders.  It has been shown by Arai [13] that vanadium 
carbonitride layers can be formed on various steels, such as H13, D2 and M2, 
using the salt bath method at temperatures between 550-700°C.  Thus, it may 
be possible to form vanadium carbonitride coatings by a solid-state diffusion 
reaction at low-temperatures.   
(ii).  Further development of CrN processes on bulk materials: 
x It was demonstrated that the fluidised bed method of forming CrN layers on 
nitrocarburised AISI H13 tool steel, produced uniform layers with potential 
application in aluminium metal forming applications.  However, the long term 
effect of processing with the same bed media may result in a loss of efficiency 
due to the interaction of iron with the chlorinated chromium powder.  Further 
scope is required to examine the effect of iron on the chromising bed, and what 
treatments can be applied to the bed to remove iron when reduced efficiency is 
observed. 
 
x It is know that iron diffuses out of the system during CrN formation between 
nitrocarburised AISI H13 tool steel and CrCl2(s). Analysing the effluent gas 
during fluidised bed chromising would allow determination of whether FeCl2 
gas evolves from the reaction of CrCl2(s) and nitrocarburised AISI H13 tool 
steel.   
 
x As the reaction mechanism between solid chromium chlorides and 
nitrocarburised H13 tool steel is based on a solid-solid diffusion reaction, the 
fluidised bed method may be limited in treating some objects due to the factors 
such as stagnation, gas pockets, gas channelling and bridge channelling.  It was 
shown in the static trials that layer growth was limited, presumably due to iron 
diffusing out of the steel surface, thus large parts or thin sections may be 
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inadequate to the fluidised bed approach. Alternative systems may be 
investigated further to agitate the chlorinated chromium powder. 
 
x The vibratory agitation method in this work did not result in improved layer 
uniformity over the fluidised bed method.  It is possible that the vibrations 
produced by the sieve shaker were too aggressive for adequate interaction and 
residence time of the chlorinated chromium powders on the steel surface.  
Alternative vibratory methods, using ultrasonic vibration or vibratory fluidised 
beds may produce CrN layers equivalent to those by the fluidised bed method, 
while maximising powder interaction with all surfaces of a steel part. 
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